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PREFACE 

This is the 6 month report  of a 12 month effort to(1) compile and review 
existing experimental facts relating to adsorption on the transit ion metals 
(2) review pertinent theoretical  descriptions of cer ta in  aspects  of adsorption 
(e ,  g mobility, dipole moment formation etc  .) and (3)  develop f rom 
these reviews new empir ical  and theoretical  views of adsorption phenomena. 
This interim report  which summarizes the p rog res s  thus fa r  is  presented in 
two major  divisions: 
experimental resul ts  thus far reviewed and Task I1 contains cri t iques of 
severa l  existing theories pertaining to various aspects  of adsorption phenomena. 
The final repor t  w i l l  contain a third section relating to new models and theo- 
re t ical  insights a It is  hoped that the final version of this repor t  w i l l  give the 
reader  an up-to -date and comprehensible picture of adsorption phenomena on 
metall ic substra tes .  

binding 

Task I deals with the compilation and description of 
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TASK I - LITERATURE SEARCH OF SURFACE PHYSICAL PROPERTY DATA 

INTRODUCTION 

During this repor t  per iod,  a search has  been made for the significant 
l i te ra ture  up to August , 1966. The major i ty  of the significant work come s 
f rom the period following about 1955 when ultra-high vacuum techniques began 
to extend the range of surface studies into the monolayer coverage region. A 
few exceptions occur ,  where the nature of the experiment minimizes the need 
for U.H.V. techniques. F rom this extensive exploratory work comes a l a rge  
body of qualitative observations and an appreciable amount of theoret ical  specu- 
lation both of which have been progressively refined, along with experimental 
techniques , to yield a rapidly growing bulk of basic quantitative information on 
surfaces 

Although experimental investigations of me tal  surface-adsorbate inter  - 
actions have been conducted for many y e a r s ,  very  few experiments ca r r i ed  out 
p r io r  to the advent of ultra-high vacuum technology m a y  be regarded a s  having 
meaning. 
of t ime required for a monolayer of residual gas  to be formed on a freshly-  
cleaned meta l  surface.  
within the capabilities of mechanical pumps,  a monolayer is formed in l e s s  
than 0.01 seconds. At 
vacufToregion, 10 seconds a r e  required while in the ultra-high vacuum region 
of 10 Thus ,  
i t  becomes c lea r  that one of the f i r s t  considerations in evaluating the m e r i t s  
of an experimental technique is that of the vacuum conditions prevailing during 
the course  of the experiment. This factor  a lso  established a reasonable 
start ing point for a l i tera ture  sea rch  since it was not until 1953 that the methods 
of measuring p re s su re s  in the ultra-high vacuum region were  known. This is 
not to say that ultra-high vacuum had not been obtained pr ior  to this  date ,  but 
only that the number of reliable experiments is very  small .  
made here  to describe the vacuum techniques since a number of excellent 
reviews a r e  a l ready in existence. 

This m a y  be understood readily i f  reference is made to the length 

If the p r e s su re  is of the o rder  of 10m4torr ,  a p r e s su re  

t o r r ,  a region commonly re fe r red  to as the high 

t o r r  o r  bet ter  a monolayer i s  formed only af ter  about 3 hours.  

No effort has  been 

A second consideration which bea r s  heavily upon the reliability of the 
experimental resul ts  is  that of the condition of the surface.  
action of the adsorbate with the surface is affected strongly by the presence 
of a contaminant, i t  i s  important that the surface be clean p r io r  to adsorption. 
Thus ,  methods mus t  be available for cleaning the surface i f  the experimental 
technique is to be acceptable. 
surface is by heating, it is  not possible to clean some meta l s  this way and 
other methods mus t  be devised such as sputtering, 

Since the in ter-  

While the most d i rec t  method of cleaning the 
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In mos t  c a s e s ,  the interpretation of the experimental resul ts  is  compli- 

it is difficult to identify the re la-  
cated by the uncertainty associated with the s t ructure  of the surface,  
example 
tionship between the experimental resul ts  and the surface s t ructure  e 
cur ren t  field emission measurements  of work function yield only weighted 
averages  over  all  the c rys ta l  faces present.  Therefore ,  pr ior i ty  is given 
to experimental techniques which permit  studies to be made on single c ry-  
stallographic plane 

Fo r  

Total 
i f  the surface i s  polycrystalline 

A c lear  understanding of me ta l  surface-adsorbate interactions can come 
only after  an adequate s tore  of experimental data have been collected.  The 
quality of the experimental data depends in an important way upon the tech-  
niques used to obtain them. 
surface interactions m a y  be attributed to the lack of sensitive techniques 
with which to obtain the experimental data. 

Indeed, the slow progress  in understanding 

SECTION A-EXPERIMEN TAL TECHNIQUES 

Objectives 

The objectives of this section of the report  a r e  to outline the acceptable 
methods of acquiring the data l isted in Task I ,  Section B of this repor t .  An 
attempt has been made to present each experimental technique c lear ly  enough 
that a reader  m a y  be able to read the pertinent papers  with understanding. In 
each instance,  the description has been t reated in a s  elementary a fashion a s  
possible. Because of the elementary nature of the descriptions,  i t  is antici- 
pated that the reader  may  wish to r e f e r  to some of the original papers  o r  the 
several  excellent reviews which have been written on the respective topics e 

Presented in this section a r e  the descriptions of five experimental tech- 
niques which have found favor among experimental surface scientists  and 
which a r e  considered to be among the m o r e  important techniques currently 
in  use .  
have been used extensively. 

These techniques have in common the features mentioned above and 

Attention has been given to the mathematical  methods used in experi-  
mental  analysis , particularly for those experimental techniques which re-  
quire the use of kinetic equations fo r  the interpretation of the resul ts .  One 
mus t  un2erstand the way in  which the kinetic equations have been derived 
in order  to fully appreciate the benefits and shortcomings of an experiment,, 
Only a general  discussion i s  given on details of the experimental apparatus 
since these vary from experiment to  experiment and the original papers 
should be consulted for further clarification 
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Future Work 

Future effort w i l l  be devoted to completing the descriptions of experi-  
mental techniques. 
cussion of the various ways in which certain physical quantities a r e  m e a s -  
ured. 
work function and heat of adsorption. 
a r e  the methods of determining sticking probability and coverage e 

In addition, it is considered beneficial to include a dis-  

Work has already begun on descriptions of methods of measuring 
Other topics which w i l l  be included 
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LOW ENERGY DIFFRACTION 

Introduction 

When a beam of low energy electrons (usually between 2!jAand 200 eV) is 
incident upon a c rys ta l  surface ,  a back reflected diffraction image is formed 
which, when properly analyzed , yields information concerning the atomic 
s t ructure  of the surface.  
tigate surfaces  had its beginning in 1927 when Davisson and Germer  substan- 
tiated the wave nature of electrons and has  been pursued by Farnsworth 
during the past  30 years .  Recent improvements in vacuum practice and 
experimental techniques have inspired others  to use  this technique in the 
study of surface s t ructure  9 9 Basically,  two approaches have been devel- 
oped. In the f i r s t ,  a Faraday  collector is used to analyze the diffraction 
image.  
design of the experimental  apparatus w a s  the incorporation of a phosphor 
screen and post acceleration of the diffracted electrons to allow direct  
viewing of diffraction pattern.  
utilizing the la t ter  method i s  shown in Figure 1. 

The use of low energy electron diffraction to inves- 

This technique is t ime consuming and a ma jo r  improvement in the 

A schematic of a low energy diffraction tube 

To a f i r s t  approximation, the electron diffraction centers have the 
periodicity of the substrate lattice para l le l  to the surface ,  and hence the 
surface becomes a two-dimensional diffraction grating ., Actually, the 
diffraction pattern is influenced by the second and third l aye r s  so that the 
concept of two-dimensional grating in the case  of low energy electron 
diffraction i s  not entirely appropriate Fur thermore  examples m a y  be 
found, part icularly in the ca se  of cer ta in  crys ta ls  with diamond s t ructures  
in which the surface s t ructure  is different from the bulk of the substrate 
lattice 

beam is of the o rde r  of the spacing of the diffraction centers .  
for electrons accelerated through a potential difference of V volts i s  computed 
from 

Diffraction effects become important when the wave length of the incident 
The wave length 

1 /2  
)b = 150.4/V 

and i f  dhk is the interrow spacing of a toms  in a two-dimensional a r r a y ,  the 
conditions for  diffraction maxima (Figure 2) are given by the Bragg condition 

hk 
n A = d  s i n 8  

hk 



OSPHOR SCREEN 
EPELLER GRIP 

CRYSTAL 

GUN 

Figure 1. Basic components of a postacceleration display low energy electron 
diffraction tube. 

dhk 

Figure 2. Illustration of conditions for diffraction image maxima. 
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where 8hk is the diffraction angle measured  relative to the surface normal  
and n i s  the o rde r  of the image.  
of a surface paral le l  to a (100) plane and one paral le l  to a (111) plane a r e  
i l lustrated in  Figure  3 ,  
some detail below. 

Diffraction images for  two different ca ses  

The interpretation of these patterns is discussed in 

The scattering of the incident electrons occurs  as a resul t  of charge 
sensitive interactions at the surface ; therefore 
effects are sensitive to perturbations in  the surface charge distribution due 
to the presence of foreign a toms  on the surface o r  other influencing fac tors .  
Fo r  example , i t  i s  possible , under favorable conditions to detect the presence 
of 
observe the effects temperature  on the lat t ice vibrations of the surface atoms 
by a measurement  of the Debye-Waller effect in which the intensity of the 
diffracted beam is found to depend upon tempera ture ,  
value of the method of low energy electron diffraction has  been in  providing 
information concerning surface s t ructure  , improvements in technique promise  
to make possible the investigation of such phenomena as catal  s i s  adsorption,  
epitaxy, chemical reactions , and order  -disorder  transit ions ' ~ ~ 9 '  Fur thermore  
low energy electron diffraction is a useful method for a wide variety of surface 
mater ia l s  provided a method of cleaning is available other than heating , e g , 
ion bombardment 
dielectric surfaces  i f  the surface i s  f i r s t  sprayed with e lectrons  to prevent 

low energy electron diffraction 

roughly 1% of a monolayer of adsorbate.  In addition, it is possible to 

Although the p r imary  
. 

In fact it is even possible to make  measurements  on 

surface charging during the experiment 4 

Although low energy electron diffraction i s  a highly sensitive method, i t  
is  difficult to a r r i v e  at a completely fool-proof interpretation of the observed 
diffraction pattern which can be m o r e  complex than in the three-dimensional 
case  because of the l a r g e r  number of permiss ible  s t ructures  0 5  Fur thermore  
the problem of interpretation i s  complicated by the fact  that diffraction does 
not occur f rom the top layer  of a toms d o n e  but second and third atomic l aye r s  
m a y  contribute a lso.  In addition, there a r e  numerous other factors which add 
to the complexity of the diffraction image such as secondary e lectrons ,  in te r-  
ference effects due to scattering f rom steps in' the surf ace  l aye r s  
effects , and uncertainty in the  contact potentiaB.6 At presen t ,  these inherent 
complications make quantitative analysis of the diffraction image virtually 
impossible;  however , it i s  possible to make correct ions  for many of the adverse  
effects and as  these  problems become better  understood, m o r e  prec i se  measu re-  
ments  are to be expected. 

temperature  

Sur fac e C P y stallogr ap  hy 

As  with three-dimensional crystal lography, cer ta in  conventions have been 
established for the description of two-dimensional crysta l  s t ructures  
the conventions Lased in  three  -dimensional crystallography have been ca r r i ed  
over to two dimensions with only minor  modifications o r  extensions being 
required.  

Actually, 

These conventions have been discussed in detail by E.A. Wood7 
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Figure 3a. Diffractionpattern characteristic of (100) plane. 

Figure 3b. Diffraction pattern characteristic of (11 1) plane. 
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and w i l l  be introduced here  for the convenience of the reader .  

In discussing two-dimensional s t ruc tures ,  it i s  convenient to use the t e r m  
diperiodic to describe any s t ructure  , not necessar i ly  with all atoms lying in 
a plane, which has  only two-dimensional symmetry ( i .e . ,  no symmetry in the 
direction normal  to the surface).  It has  been suggested that the transit ion 
f rom the symmetry of the bulk lattice to the ex t reme of the surface be called 
the selvedge, The selvedge may  be very thin as  in  the case  of meta l  surfaces 
o r  may be three  o r  m o r e  atomic layers  thick as in  the case  of cer ta in  semi-  
conductor s and compounds 

The t e r m s  lat t ice and unit cells  a r e  reserved  for  three-dimensional 
symmetry and the corresponding t e r m s  to be used in the two-dimensional 
case  a r e  the net  and unit mesh  respectively. 
a r r a y  of p o i n r s u c h  that each has an identical environment Note this is 
different f rom a diperiodic a r r a y  which m a y  be composed of a toms lying in 
m o r e  than one plane 5 diperiodic s t ruc tures  are formed by associating with 
each net point ae assembly ,  or bas i s ,  of a toms.  
lography five nets  m a y  be distinguished and a r e  shown in Figure  4. The le t te r  
c denotes the use of a centered m e s h  while p indicates that the net is a p r imi - .  
tive mesh .  

H e r e ,  a net is a two-dimensional 

In two-dimensional c rys ta l -  

In all ca ses  the convention requires  that a < b .  

Listed below is  a set  of standard symbols based on the work of Wood , 
which appear frequently in the l i tera ture  

a ,  b: 

- -  
a ,  b: 

Y: 

x- ,  y-:  

x ,  y' 

Z- :  

2: 

u ,  v'. 

uv: 

Lengths of unit-mesh edges such that a d b .  
may  be used to distinguish surface s t ructure  from under- 
lying s t ruc ture  where necessary.  

Unit-mesh vectors 

Interaxial angle xy,  ab.  

Subscript s 

Directions of crystallographic axes  of coordinates. 

Coordinates of any point within the unit m e s h ,  expressed 
in t e r m s  of a and b units. 

Direction normal  to x-  and y- directions.  

Coordinate of any point in  this direction. 

Coordinates of any net  point, expressed in t e r m s  of a 
and b as units. 

Indices of a direction in  the direct  net e 
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-+. 
b 

0 0 

( a )  SQUARE 

3 

b 0 

0- ~:;90. P 
( c  ) RECTANGULAR 

( b )  OBLIQUE 

3 
b 

0 @ 

( d )  CENTERED RECTANGULAR 

(e) HEXAGONAL 

Figure 4. The five two-dimensional nets. 
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h ,  k: Two-dimensional Miller  indices of mesh  points e 

(hk) : Indices of a se t  of parallel  rows. 

hk Indices of the reflection from a set  of parallel  rows;  coordi- 
nates of a line or r'rodt' in the reciprocal- lat t ice as measured  
on any plane normal to the lines 

hk: Indices of equivalent rows with different indices e 

* :  Starred quantities re fe r  to quantities in reciprocal  space 

Interrow spacing of rows hk. 
d(hk): 

P ,  c: Primit ive and centered nets 

The interrow spacings for the  five nets a r e :  

Oblique : 

2 2 2  2 2 2  2 2 
/d(hk) = (h / a  sin y) t (k /b sin y) - (2hk cosy/absin y) 

Rectangular: p and c 

2 2 2 
ld(hk) = (h / a )  t (k/b)  

Hexagonal : 

2 2  
t hk t k  ) / a  

2 
Id( hk) 

Square : 

As in the t r iper iodic  c a s e ,  i t  i s  convenient to introduce the concept of a 
reciprocal  lat t ice in the analysis of diperiodic s t ructures  This, coupled with 
the Ewald sphere ,  provides a powerful aid in the reconstruction of the surface 
s t ructure  o r  net.  The Ewald sphere is a sphere of radius 1 / X intersecting an 
a rb i t ra r i ly  chosen origin of the reciprocal  net such that the incident beam 
passes  through the geometric center  of the sphere  and the origin of the recip-  
rocal  net .  
quite so severe  a s  for the tr iperiodic lat t ice so that the reciprocal  lattice goes 
over from a set  of lat t ice points to a set  of l ines o r  one-dimensional "rods"  
extending indefinitely normal  to the plane The various spots of the diffraction 
image m a y  then be found f rom use of the Ewald sphere  a s  shown in  Figure 5 ,  
for the case  of an electron beam incident normal  to the (100) surface of a 
cubic crysta l .  
01 

In the diperiodic c a s e ,  the requirements for diffraction a r e  not 

Notice that in this c a s e ,  spots corresponding to the 00 ,  10,  
10 and Oi reciprocal  lattice l ines w i l l  be present  in the diffraction pat tern ,  



OZ 

IN CIOENT 

,r, 

o i  00 01 

01 

REFLECTED 
BEAM 

/ 

02 

Figure 5. A section of the reciprocal  lattice of a dipfriodic s t ructure  with the 
Ewald sphere. 

hk. 
X= dhksin 0 

F o r  the special case of normal  incidence and 
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but the 0 2 ,  20 Oz and TO spots w i l l  be absent.  

It sometimes happens that the surface m e s h  and the mesh  of the c o r r e -  
sponding plane in the bulk a r e  different and i t  is useful to re fe r  the surface 
m e s h  to that of the substrate.  This situation a r i s e s  in a t  leas t  two ways; 
when the clean surface s t ructure  differs f rom the bulk and a lso  as a resul t  
of adsorption. 
known substrate mesh .  
surface .  Thus 
square  a r r a y  with dimensions twice a s  large  
designated 2 x 2 (See Figure 6a ) .  
shown in Figure  6b2  the surface  m e s h  i s  3 x 1 
in  this short  hand notation can be extended by including both the substrate 
ma te r i a l  and the adsorbate.  Thus 
nickel is found to have the s t ructure  described by N i ( l l 0 )  3 x 1-0 ,  meaning 
that when o:rygen is adsorbed on the (1  10) face of nickel the resulting d ipeg-  
odic surface  s t ructure  has a m e s h  with edges paral lel  to the edges of the 
clean surface  net but with as equal to 3a.  If a centered mesh  is chosen, the 
designation would be c(2 x 2) and is shown in Figure  6c. 
resul ts  from consideration of a m e s h  whose sides a r e  turned a t  an angle with 
respect  to the substrate s t ruc tu re ,  then the designation 3 x 1-R(30°) has  been 
used. This would indicate that the surface mesh  with the indicated dimensions 
is rotated 30' with respect  to the substrate mesh .  

It is customary to descr ibe  the surface m e s h  in t e r m s  of the 

i f  the substrate net is a square a r r a y  and the surface is a 
Here  the reference net is  the  net paral lel  to the 

the surface m e s h  will be 
Or in the ca se  of the hexagonal s t ructure  

The information contained 

oxygen adsorbed on the (110) face of 

When a simplification 

Summary 

Low energy electron diffraction techniques have done much to further our  
knowledge of the surface-adsorbate interaction ~ In part icular  low energy 
electron diffraction m a y  be used to study adsorption 
about adsorption sites as  w e l l  a s  coverage and sticking probabilities This  
technique i s  especially powerful when used in conjunction with other techniques 
such as flash desorption o r  work function measurements .  In addition, valuable 
information concerning epitaxy lattice vibrations chemical reactions , catal-  
ys i s  and order-disorder  transi t ions m a y  be obtained, 
learned f rom such studies 
due to the complexity of the electron scattering process  a t  the surface,  

yielding information 

Although much m a y  be 
quantitative measurements  a r e  not yet possible 
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0 . 0 0 .  0 

( 0 )  2x2 SQUARE MESH 
o substrate mesh 
x surface mesh 

0 . 0 0 0  0 

0 

0 

0 .  

0 0 . 0  0 .  

(b) 3 x 1  HEXAGONAL MESH 
o substrate mesh 
x surface mesh 

0 0 0 0 0 

0 1.1 0 0 

0 0 0 0 0 

( c )  c (2x2) RECTANGULAR 
o substrate mesh 
x surface mesh 

Figure 6. Illustrations of shorthand designation of relationship between sur- 
face  mesh  and substrate mesh. 
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FLASH FILAMENT TECHNIQUES 

Introduction 

Measurements of adsorption-desorption phenomena involving the use of 
a heated solid surface play an  increasingly important role  in the investigation 
of the physical and chemical  proper t ies  of surfaces o 8  
nique consists  of using a t e s t  cel l  of known volume (one to two liters),containing 
a temperature controlled surface (usually, but not always in the form of a 
filament or ribbon) and some means of measur ing p re s su re  changes as the 
adsorption and desorption processes  take place Although the mos t  widely 
used p re s su re  detector has  been the Bayard-Alpert ionization gauge whose 
advantages and disadvantages have been discussed in the l i tera ture  , consid- 
erable refinement comes with the use of a par t ia l  p r e s su re  analyzer because 
it removes much of the uncertainty in the identification of the species being 
adsorbed or desorbed. In addition, mass spectrometers  have made possible 
such measurements  as the study of replacement lo isotopic mixing on the 
surface "and coadsorption. l 2  As with all rel iable surface measurements  , 
considerable c a r e  mus t  be exercised to insure  the cleanest possible conditions 
during the experiments 

The flash filament tech- 

The advantages of the flash technique a r e  that the system is relatively 
inexpensive and simple to construct  and ,  mos t  importantly,  it permits  the 
measurement  of a number of important parameters  such a s  binding energy, 
sticking probability, the p re  -exponential factor which is related to the entropy 
of adsorption , as  well as information concerning replacement and coadsorption. 

In spite of these advantages, there  a r e  cer ta in  limitations to the f lash 
method. 
relatively high temperature  
meta l s  
t ive heating of a filament o r  ribbon and,  because these surfaces are inherently 
polycrystalline the interpretation of experimental resul ts  i s  always somewhat 
doubtful. It is possible to make flash measurements  on single crysta ls  i f  
special considerations a r e  given to the design of the desorption tube.13 It 
should be mentioned that surfaces  of ribbons have been found to approximate 
single c rys ta l  planes (often ( 113) or (1 14)) , but in  general, the orientation 
depends upon p r io r  t rea tment  of the ribbon. 14'15 The physical quantities of 
in teres t  a r e  not measured  directly but mus t  be derived from the kinetics of 
the process ,  requiring that special consideration be given to the derivation 
of the kinetic equations for adsorption and desorption.8 

By its very na ture ,  it mus t  be possible to heat the surface to a 

The mos t  widely used method of heating the surface has been resis- 
thus confining the measurements  to the refractory 

Kinetics of the F lash  Technique 

In developing the kinetic equations for the flash technique, the following 
symbols w i l l  be chosen: 

d 15 



3 n - density of molecules in the gas phase in  molecules /cm 

6 - surface coverage density in  molecules /cm 

V - volume of the sorption chamber in c m  

A - total surface a r e a  in cm 

2 

3 

2 

3 
S - system pumping speed in cm /sec  

q - r a t e  of ga s  influx into the system in  molecules /sec  

t - t ime in sec 

T - temperature  in degrees  Kelvin 

k - Boltzman's constant in appropriate energy units 

s - sticking probability 

E - metal-adsorbate  binding energy 

V -  pre-exponential frequency 

The ra te  of increase  in  the number of molecules pe r  volume in the  g a s  phase 
may  be written generally as 

n 

1 q i  
i=o 

dn 
dt 

V-= -Sn - San t 

where the qi take into account all sources  of g a s e s ,  including the desorption 
f rom the surface of the filament under investigation. 
sources  need be considered,  q,, q19 and q2,  corresponding respectively to the 
influx of gas responsible for the background p re s su re  ( i .e .  w a l l  effects,  gauge 
interactions virtual  leaks 
to the sys tem,  and the gas evolving f rom the surface.  In the following discuss-  
ion,  it w i l l  usually be assumed that q, i s  negligibly small and special  consider-  
ation m u s t  be given to those situations fo r  which this condition is not m e t .  The 
gas evolution f rom the surface m a y  be written as 42 = A ( d 6  /dt) 
quantity Sa i s  the pumping due to adsorption on the surface,  

Only th ree  types of 

etc.), the influx of adsorbate ga s  externally admitted 

while the 
Specifically, 

S = As( b )K(mT)  
a 

where f rom kinetic theory 
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The general expression for the kinetics then becomes 

A s  it stands the above expression does not lend itself to easy  analysis;  
however 
procedure 
f lash filament technique and since they involve slightly different procedures 
as  well as kinetics they w i l l  be described individually. 

considerable simplification resul ts  by suitable choice of experimental 
Both adsorption and desorption experiments a r e  conducted by the 

Adsorption kinetics have been investigated by two methods re fe r red  to as 
the closed system and the continuous flow methodsO8As implied, the closed 
system method is one in wEch  gas (or vapor) is  admitted to the tes t  chamber 
while the filament i s  too hot for adsorpiton to occur ,  When the g a s  has 
reached the des i red  p r e s s u r e ,  the volume is sealed off and the filament 
tempera ture  is dropped suddenly to some prescr ibed value 
of the filament begins to  decrease  , the g a s  is pumped by the filament , leading 
to a character is t ic  decrease  in the p r e s s u r e  within the tes t  cel l . (Figure 7 ) .  
F o r  this  c a s e ,  with S and qi se t  equal to z e r o ,  Equation ( 2 )  reduces to 

As the temperature 

dn d d  
V- dt = -sAKn t A- dt ( 3 )  

If re-evaporation of the adsorbed gases i s  ignored ( i . e . ,  d 6 / d t  = 0 ) ,  then the 
sticking probability may  be found from 

v dln [n(t,J 
KA dt 

s = - -  

The surface coverage density at any t ime is given by 

(4) 

In the event that re-evaporation is not negligible, it i s  still possible to 
analyze the p ressure  vs t ime curve as follows: 
the sa te  of decrease  in coverage is governed by an Arrhenius law of the form 

It is usually assumed that 

-E /kt 
= 6x %e 

d d  
dt 
- 

where x = 1 or  2 (for monatomic and diatomic molecules)  is the o r d e r  of the 
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Figure 7. A typical n vs t curve for adsorption in a closed system in 
which the surface was suddenly cooled at time t 

0' 
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desorption process  Rewrite Equation ( 3 )  in the form 

-skAn 1 d ( A b )  
- t- - dn 

dt V V dt 
- -  (7) 

then by measur ing dn/dt for  various values of n(o) and plotting a family of 
curves  of dn/dt vs  n for  a constant number adsorbed ( i - e - ,  A 6  
it i s  possible to obtain s from 

= constant) 

and in  addition, extrapolation of the curves  through n = o yields for  f i r s t  o rder  
desorption 

-E /kT 
A d 6  A 6 v e  - -- - - 

n=o V dt V (9) 

* which permi t s  E to be determined a s  a function of A d  assuming a value o f v .  

Unfortunately, it is  difficult to achieve the conditions of the ideal  closed 
sys tem.  
t es t  volume m a y  evolve as the p r e s su re  in the cel l  decreases  thereby leading 
to an  erroneous  interpretat ion of the p r e s su re  vs t ime curve.  
ion gauge pumping can be considerable although precautions can be taken to 
reduce this  effect substantially. In addition, impuri t ies can build up ra ther  
rapidly. 
can be minimized by using continuous flow techniques 
passing through the system 

One important problem is that gases adsorbed on the walls of the 

In addition, 

Impurity problems such as  CO buildup due to hot filament degassing 
where gas is continually 

Continuous flow studies have been performed both by maintaining the flow 
ra te  constant and the p r e s su re  constant. l6  3 l7 In the constant flow method,  
the adsorbing vapors a r e  allowed to flow a t  a constant r a t e  through the system 
as determined by the ra te  of input through a suitable leak and the ra te  of 
removal by the pumping system and by adsorption on the surface.  

- filament initially hot ,  a reference p r e s su re  is reached by careful  adjustment 
of the leak and pumping r a t e s  which, once adjusted,  remain constant for  the 
duration of the experiment The filament is then allowed to cool leading to 
a sudden decline in the p r e s su re  due to the onset of adsorption. (Figure  8).  

With the 

Usually one a s sumes  u= m 



C 

c 
.- 

Figure 8. Typical n vs t curve for adsorption at constant flow rate. 
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As the filament becomes covered,  the ra te  of adsorption decreases  until 
finally the p r e s su re  re tu rns  asymptotically to the initial steady state value e 

F o r  this c a se ,  the rate equation is 

dn d e  
-sAKn t q1 + A - dt dt V - = -Sn 

Now the pumping speed m a y  be readily found by introducing a small quantity of 
gas with conditions such that no filament pumping ( i .e .  
adsorbed) or  readsorption occurs  and then plotting In p vs  t ,  as gas is pumped 
f rom the system,, In this  c a se  

with a monolayer 

The value of q l  is determined by considering the steady state situation for 
which 

so that i f  re-evaporation is negligible 

s K A n(t) dn S 
dt V V 

o r  

Use of a constant p r e s su re  flow system minimizes  problems of gauge and 
wall interactions and provides a means  of direct  measurement  of p r e s su re  
dependent paramete rs .  l7  In this  system 
a servo-controlled leak valve into a small chamber containing an ion gauge, 
then through a capil lary whose conductance is calculated f rom the geometry 
and into the sample chamber ,  
regulated in such a way as to maintain constant p r e s su re  in the sample chamber 

gas flows from a rese rvo i r  through 

The flow r a t e  into the  sample chamber is 

The flow r a t e  through the system is represented by the expression: 
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dn d d  
A- 

dt 0 dt 
q1 = Sn t V- t q t sAKn - 

By using high flow r a t e s ,  Vdn/dt is negligible Interactions of the walls and 
gauges a r e  small because impuri t ies a r e  continuously pumped out ., 
the system to equilibrate at constant p r e s s u r e ,  e r r o r s  due to gauge pumping 
and degassing can be eliminated. The net sorption rate by the sample i s p r o -  
portional to the upstream p r e s s u r e ,  since Sn is a constant in this  sys tem.  

By allowing 

Kinetics of F lash  Desorption 

The kinetics of f lash desorption m a y  be studied by heating a sample at a 
controlled ra te  and analyzing the resulting p vs t curves  as gas evolves f rom 
the surface.  
general ra te  expression is 

The type of sys tem used is shown schematically in Figure  9 .  The 

dn d d  
V- = -Sn t A- dt dt ¶ 

provided readsorption and gas influx f r o m  the rese rvo i r  i s  negligible during 
the heating time. 

Again, it is  found that analysis  of the desorption kinetics m a y  be simpli- 
field by making the proper design considerations 
normally conducted in sys tems operating under one of two possible ex t remes ,  
namely the conditions of Snd<Vdn/dt and Sn77Vdn/d t .  
approaches a r e  used commonly, it i s  worthwhile to consider each in some 
de tail 

Desorption experiments a r e  

Since both of these 

Pumping Speed Small  Compared to Rate of Gas Evolution. - When the -- -- 
pumping r a t e  i s  slow compared to the ra te  of gas e v o l u t w  Snc-=Vdn/dt 
and Equation (16) reduces to 

A typical p r e s su re  vs time curve for  this  situation is shown in Figure  1 0 .  
It w i l l  be observed that a t  points of maximum evolution r a t e  , d2n/dt2 = 0 ,  
which leads  to the result  

-= E ln x 6 x- 1 t In[ VxTp /(clT/dt)] - In E / k T  
kT P P 

i 
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‘Figure 9. Schematic representation of closed flash desorption system. 
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Figure 10. Hypothetical n vs t curve for flash desorption in a closed system 

from two adsorbed states. 
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Before carrying this development fu r the r ,  it is  convenient to consider the 
second case:  

Pumping Speed High Compared to the Rate of Gas  Evolution. - In this  c a s e ,  l 9  - 
Sn-=.Vdn/dt and the Equation (16) simplifies direct ly to 

Here  the p r e s su re  vs t ime curve assumes  the s t ructure  shown in Figure  1 1  
and the peaks occur at t imes  ( temperatures)  for which 

dn 
dt 
- -  - 0  

which leads to 

- E = I n x d  x-lt In F x T p /  dT/dt] -In E /kT kT P 
P 

This i s  identical to the resul t  obtained above for the opposite extreme and so 
the analyses for both situations a r e  identical. It is well a t  this point to continue 
the analysis for  f i r s t  and second o rde r  kinetics separately.  
Equation (17) becomes 

For the ca se ,  x=l 

E = l n p ' T p  / (dT/dt) ]  - In E /kT  
P 

P 

The l as t  t e r m  is small which permi t s  one to rewri te  the above expression in 
the form 

If a l inear heating schedule i s  used,  i , e .  T = T t Pt then dT/dt  = p and 
0 

8 13 o -1  o r  for I O - =  Vl /p=1o  K 
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Figure 11. n vs  t curves for  flash desorption f rom two adsorbed s ta tes  for  the 
case  of l a rge  pumping speed. 
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- 3.64 t 1.5% - - 
Wb 

P 
= In E 

kT 
P 

13 - 1  This m a y  be used in this form i f  a value for t / l  is  assumed (usuallyvl = 10 
is assumed) .  
fo r  by varying the heating r a t e  P , in which case  it i s  found that 

sec  
It is still possible to obtain a value of E without assuming a value 

d In P - - 2  
E 
kT d In T 
- -  

P P 

If the desorption process  is second o r d e r ,  Equation (17) mus t  be rewrit ten in 
the form 

E I j T  
kT P dT /dt P 
- = In 2 6  t ln- - In E /kT  

P 

With a l inear  heating schedule the desorption is found to be character ized by 

where bo is assumed to be equal to 2 d p .  Thus,  a l inear  plot of b O T k  vs 1 / T  
may  be used to demonstrate second o rde r  kinetics The intercept gives v 2  

Summary 

Experiments using flash filament techniques provide a highly sensitive 
means of acquiring information necessary  fo r  the complete identification of 
s ta tes  of adsorption. 
the binding energy,  the entropy of adsorption,  the molecular form of the adsor -  
bate ,  the sticking coefficient , and the maximum coverage in each state.  
Recent improvements in  technique make possible the separation of s ta tes  
differing in binding energy by only a few eV. However , in spite of its use-  
fulness 
is not possible to re la te  the information gained directly to the microscopic 
s t ructure  of the surface,  

F r o m  such measurements ,  it is  possible to determine 

the flash filament technique is limited to the re f rac tory  metals and 
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ELECTRON IMPACT DESORPTION 

Introduction 

Under cer ta in  conditions , desorption is induced by the interaction of 
incident Pow energy electrons  with molecules adsorbed on a meta l  surface e 

The ear l ies t  repor t s  of electron impact desorption were  made by workers  
using mass spectrometers  in which desorption of gases  from various elec-  
t rodes  by the ionizing electron beam produced spurious effects in their  mea- 
surements  020 Since these ea r ly  findings, many have observed and reported 
similar effects , all of which have considerable practical  importance 
Young" and G .E. MooreZ2 made m a s s  spectrometr ic  investigations of electron 
impact desorption of gases  from various anode materials and at least  part ial ly 
confirmed the long-held belief that gases  desorbed f rom anodes were  respon- 
sible for the observed poisoning of thermionic oxide cathodes e Later  studies 
by Degras , et al , 2 3  and by Redhead24 led to the conclusion that electron impact 
desorption affected the operation of an  ionization gauge , while m o r e  recently 
electron impact desorption has been recognized as an important contributor 
to gas contamination in high current  electron s torage rings25 and controlled 
fusion chamber sOZ6  In spite of the extensive number of observations of electron 
impact desorption 
the basic nature of the effect, and credi t  must be given to Redhead24 and 
Menzel and G ~ m e r ~ ~  who appear to have concluded independently that the 
desorption is a direct  resu l t  of electronic excitation to repulsive surface 
s ta tes  

J .R 

relat ively few investigations have been made to determine 

Basically,  the experimental  arrangement f o r  studying electron impact 
desorption consists  of a specimen on which gases a r e  adsorbed,  a source of 
electrons with which to bombard the specimen, and some means of detecting 
the desorption products,  all. in an  ultra-high vacuum environment maintained 
a t  p r e s su re s  a t  l eas t  in the 10 - lO to r r  range. In general ,  the techniques of 
different investigators differ only in the method of detecting the desorption 
products and four methods have been used., 
Degras ,  et a I o Z 3  an  ionization gauge w a s  used to measu re  the total p r e s su re  
change resulting f rom bombarding the surface with electrons Moore22 and 
Petermann28 used mass spectrometr ic  techniques to identify the desorbed 
species.  RedheadZ4 utilized the fact that under cer ta in  conditions the de-  
sorption products are ions which can be measured  direct ly ,  and Menzel and 
G ~ m e r ~ ~  used the field electron microscope,  which permi t s  visual obser-  
vation of the desorption process  on a microscopic scale .  

For example,  in  the  work of 

While it s eems  possible that desorption of very loosely bound adsorbates  
may  resul t  f rom direct  momentum t ransfe r  , it appears  that in the major i ty  
of ca ses  electron impact desorption mus t  be explained in t e rms  of electronic 
excitation of the adsorbed molecule to the repulsive portion of an excited 
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molecular o r  ionic state on the surface.  This is made c leare r  by referr ing 
to the potential energy curves  shown in. F igure  12,  which represent  various 
quantum sta tes  of a hypothetical metal-adsorbate system The curves  shown 
correspond respectively to the ground state (M t A) ,  the antibonding s ta te  
(M t A)* , an excited state of the ground state species (M + A)gS and an  ionic 
state (M- + At). 
vertically within the shaded o r  Franck-Gondon region 
tions to the s ta tes  (M -F A)* and QM- + A+) are to repulsive portions of the 
respective potential energy curves  and consequently resul t  in  desorption 
either as  a neutra l  for  the former  case  o r  a s  a positive ion for the la t te r .  
The probability for desorption of the ion wi l l  be reduced in this example 
because it mus t  c r o s s  the potential energy curve corresponding to the (M + A)# 
binding state where it can become bound and subsequently re turn to the ground 
s ta te ,  Although a number of modes of desorption can be visualized, i t  should 
be pointed out that only desorption f rom an ionic state has been positively 
identified a t  this t ime it seems  quite unlikely that ionic desorption 
accounts for all the electron impact desorption. There  is some evidence 
suggesting that excitation to a loosely bound state followed by thermal  desorp- 

It is assumed that transitions f rom one state to another occur  
Observe that transi- 

However 

tion might be possible a l so .  29 

If the energies  of the desorption products can be analyzed, it is possible 
to acquire additional information about the ground state of the adsorbed 
species Suppose 
desorption f rom the ionic s ta te  preceded by electron impact ionization, i s  
considered. 
state a t o m s ,  depending upon their  vibrational energies and the shape of the 
potential well for this s ta te ,  there  wi l l  be a corresponding spread in the 
energies of the desorbed ions.  In other words ,  knowledge of the energy 
distribution of the desorbed ions permi t s  one to approximate the square of 
the ground state vibrational eigenfunction for the adsorbed species 
arguments hold for the  desorption of neutral  molecules a s  well,  but such 
information i s  not eas i ly  obtained due to the difficulty with which energy 
measurements  a r e  made on neutral  atoms 

This  may  be seen by referr ing once again to Figure  12. 

Since there  is a certain spread in the positions of the ground 

Similar 

Although the electron impact desorption process  has not been placed on 
a firm theoretical  bas i s ,  a few qualitative r emarks  are 
ea r l i e r  work by Redhead24 and by Menze.2 and Gome r "Menzel and Gomer 
argue quite convincingly that the c r o s s  section for  excitation to the repul- 
sive state cannot differ by m o r e  than a factor of ten f rom the c r o s s  section 
for excitation to the corresponding s ta te  of the molecule in the ga s  phase,  
which is of the o rde r  of 10-16cm2. This conclusion is a r r ived  a t  by approxi- 
mating ground and excited s ta te  wave functions for the bound molecule by a 
l inear superposition of a se t  of carefully chosen basis  s ta tes  The transition 
probabilities calculated in this way seem to be at least  as large as the c o r r e -  
sponding transit ions in the gaseous state Thus in view of the fact that 
observed c r o s s  sections for electron impact desorption are often severa l  
o rde r s  of magnitude lower than the c r o s s  sections for  the corresponding 

ossible i n  light of 
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Figure 12. Potential energy curves for  metal-adsorbate s ta tes  a t  a hypo- 
thetical surface. 
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transitions in  the gas  phase,  i t  would appear that the competing process  of 
readsorption plays an important role  

Fur ther  conclusions a r e  that the probability for desorption will increase  
with increasing lifetime of the adsorbed molecule in the excited state and w i l l  
decrease  with increasing m a s s  and binding energy of the adsorbed species 
In addition, the probability for desorption wi l l  depend ra ther  sensitively on the 
equilibrium position of the adsorbed molecule the probability decreasing with 
decreasing distance ., 

In his investigation of the electronic desorption of oxygen adsorbed on 
molybdenum, Redhead found that ions and neutrals were desorbed in the ratio 
of one ion for every 50 neutra ls  it w a s  noted that the energy 
threshold for the onset of desorption w a s  the same for both the ions and the 
neutrals which led him to propose , with excellent experimental verification , 
that the desorption for both species occurred f rom the same ionic state but 
that the ions were neutralized by Auger transit ions a s  they moved away from 
the surface.  

Fur thermore 

The Kinetics of Desorption 

As with flash filament desorption the important parameters  for electron 
impact desorption a r e  obtained from the kinetic equations for  the desorption 
process .  Here  one must take into account the kinetics for the three  methods 
of measurement  namely,  measurement  sf pres su re  change measurement  
of work function change , and detection of desorbed ions. 

The following symbols wi l l  be used: 

n = the number of molecules pe r  unit volume in the gas  phase.  

S = the pumping speed of the vacuum system in cm3/sec .  

3 V = the volume of the system in cm 

q = the influx of g a s  into the gas phase due to electron desorption. 

= the influx of ga s  into the g a s  phase in  molecu les / sec ,  respon- 
sible for the background p re s su re .  qO 

2 
6 = surface coverage density in molecules /cm 

J = electron current  density (assumed uniform over  the surface) 
in charge /cm2-see .  

2 
A = target  a r e a  in cm 
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e = electronic charge.  

Q = the total electron desorption c r o s s  section in cm . 2 

@ = work function of the metal in electron volts. 

In addition, the following assumptions w i l l  simplify greatly the calculations 
appearing below: 

(1) The electron cur ren t  density is uniform over the surface 

(2)  The desorption ra te  is proportional to current  in the first  o r d e r .  

(3) Diffusion of gas out of the bulk o r  along the surface i s  considered 
to have a negligible effect on the resu l t s .  

(4) Readsorption from the gas phase is neglected, a valid assumption 
for p re s su re s  in the 10"lOtorr range.  

Thermal  desorption is not considered. (5) 

P r e s s u r e  Change. -The t ime r a t e  of change in  the number density of mole-  
cules in a vacuum system is described by 

dn 
dt V- = -Sn t qo t q 

If f i r s t  o rde r  electronic desorption processes  a r e  assumed,  then 

q = d Q J A / e  (2 1) 

The surface coverage density w i l l  change with time according to the expression 

E= - 6 Q J l e  (22) 

6 = do exp(-QJt/e)  (23) 

dt 

which has  the immediate solution 

Combining Equations (20) , (21) and (23) one obtains the differential equation 
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A solution to this  equation i s  readily obtained and,  i f  no = qo/S,  the final 
result  is 

This m a y  be simplified; f o r  example,  i f  S / V  is much la rger  than Q J / e ,  one 
obtains 

exp ( -QJt /e)  
6,AQ J n(t) = n + 

0 eS 

F r o m  this  equation the following information is derived 

e dln [n(t) - no] 
J dt 

Q = -- 

and 

d 0 = k ( 0 )  -no ]  eS/AQJ 

which m a y  be used to compute the c r o s s  section and initial coverage respec-  
tively. Note that the quantity, n ,  m a y  be related at room temperature  to the 
p r e s su re  , p ,  in  torr ,  by the kinetic theory expression 

19 n =  3 . 3 ~  10 p 

On the other hand,  i f  S / V  is very  small compared to Q J / e ,  

f rom which 
1 n(t) = n o v  t [I - exp (QJt le)  

an d 
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Work Function Change -For  small coverage changes it is reasonably -- 
valid to assume that the work function is related l inearly to coverage through 
the expression 

where c is a constant and 0- is  the value of 0 when 6 = 0 ,  
tion then,  Equation ( 2 3 )  m a y  be rewrit ten to yield 

With this assump-  

Detection of Tons - The ion current  ar is ing f rom electron impact ioni- 
zat ioyon the surface of the me ta l  follows the rule  

( 3 2 )  
t t I = i T Q i  

t t is  the positive ion cu r r en t ,  i i s  the electron current  and,Q where I 
c r o s s  section for  an adsorbed molecule to be desorl -ed a s  an ion,  
of Equation ( 2 3 )  then leads  to 

i s  the 
Application 

t i- 
I = I  0 exp ( -QJ t /e )  ( 3 3 )  

t where IO = d o Q t i ,  
desorption m a y  be obtained: 

F r o m  this expression the total c r o s s  section for electron 

t 
Q = - -  e dlnI 

Jdt  

The ionization efficiency is 

t t 
/i =6 0 Eff = I 

0 0 

(34) 

( 3 5 )  

Knowledge of the initial coverage allows one to use the la t ter  expression to 
compute Qt . 

Experimental  Conside rations 

It mus t  be emphasized,  that in the  application of the kinetic equations 
derived in  the preceding section,  c a r e  m u s t  be taken to ensure  that the con- 
ditions specified by the assumptions a r e  satisfied for the par t icular  experi-  
mental  c i rcumstances  in question An important consideration is that of 
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readsorption which i s  inherently connected with the vacuum conditions ; for , 
since the c r o s s  sections for  electronic desorption are quite small, it is often 
necessa ry  to c a r r y  out the measurements  over extended periods of time in 
o rde r  to desorb an appreciable amount of gas .  In addition, i t  seems  almost  
certain that desorption occurs  from more  than one state, a fact which mani-  
fes ts  itself in nonlinear In I+ vs  t curves ,  for example. 
however, it is usually possible to separate  the effects of more  than one state 
without undue difficulty 

With proper analysis, 

The designs of th ree  experimental electron impact  desorption tubes a r e  
shown in Figures  13, 14, and 15.  The tube shown in Figure 13 w a s  used by 
RedheadZ4 to measu re  the electronic desorption of oxygen and carbon mon- 
oxide adsorbed on molybdenum. He re ,  the surface being studied was in the 
form of a polycrystalline ribbon which could be heated,  both resist ively and 
by electron bombardment. 
coated tungsten filament with a spread in  energy of about 0 .8  eV, and the 
desorption process  was studied by means of the ions reaching the collector. 
Heating of the molybdenum ribbon permitted evaluation of the binding energies 
for the adsorbed molecules 

The desorbing electrons were  emitted by a thoria 

Figure  14 shows a tube used by the r e sea rch  group a t  Field Emission 
Corporation to investigate the electron impact desorption of coadsorbed 
alkali meta l  and electronegative adsorbates on various refractory  meta l s  a 

In this tube,  the elecron beam is directed axially onto the apex of the emit ter  
tip on which the adsorbate res ides .  With the arrangement  shown, i t  i s  possible 
to select  pa r t s  of the field emit te1  electron beam in o rder  to determine changes 
caused by electron impact on single crystallographic planes 
studies,  use i s  made of the extreme sensitivity of the emission current  on the 
work function of the surface so that the c r o s s  sections a r e  determined using 
Equation 31. The field emission technique does not lend itself to the detec- 
tion of ions nor to the identification of the desorbed species However , i t  i s  
highly sensitive method of measuring c r o s s  sections a s  low as 10-23cm2 ., 

In field emission 

The tube shown in  Figure  15 w a s  used in an investigation of the electron 
impact desorption of carbon monoxide adsorbed on n i ~ k e l . ~ 9  A mass spectro-  
me te r  was incorporated in the design of the all s tainless steel desorption 
chamber , which along with the ion collector , permitted detection of both 
neutrals  and ions. 

Summary 

Electron impact  desorption technique s yield informat ion about excited 
and ionic s ta tes  of the surface-adsorbate bond, 
threshold data ,  it is possible to deduce the binding energy of the ground state 
of the adsorbed species , thereby supplementing information derived from 
flash filament experiments Finally,  i f  the energy distributions for  the 
desorbed ions a r e  measured  then the shape of the ground state potential 
energy curve m a y  be est imated 

By means  of carefully taken 
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Figure 13. (a) Schematic diagram of experimental electron impact desorption 
tube used by Redhead. 
configuration used in Redhead's tube. 

(b) Representation of electrode potential 
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Figure 14. Field  emiss ion tube used by L .  W e  Swanson, et a l . ,  f o r  electron 
A i s  a tungsten field emit ter ,  B is a tungsten desorption studies. 

filament used a s  the electron source ,  C is  a lens arrangement 
that can be used either to focus the electron beam o r  as a Faraday 
collector, D i s  a phosphor screen,  and E i s  a collector. 
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Figure 15. Electron impact desorption tube used by Hinrichs. 
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FIELD ELECTRON MICROSCOPY 

Introduction 

Field electron emission was discovered as ea r ly  as 1897 by R .W Wood 
of Johns Hopkins University, but it w a s  not until a f ter  1928 when R.H. Fowler 
and W .  Nordheim of the University of Cambridge developed the wave mechan-  
ica l  concepts of field emission that e a r l i e r  experimental resul ts  could be 
clarified. 
emission were  confirmed in the  193OP s 
of these  ea r ly  experiments were  clouded by the inability to control and measu re  
the vacuum conditions within the tube and the uncertainty as to the geometry 
of the emitting si tes  The invention of the field electron projection microscope 
by Erwin W 
c rys ta l  emitting surface of well-defined geometry and visual read-out of the 
work function topography of the emitting surface The field electron mic ro-  
scope,  which permi t s  visualization of the effects of various phenomena at the 
surface of metal l ic  c rys ta l s  on what i s  near ly  an  atomic level ,  became an 
increasingly useful tool for analyzing physical and chemical phenomena that 
affect the work function o r  surface configuration Subsequently various 
investigators , principally Robert Gomer of the University of Chicago, 30 
exploited the microscope to study such phenomena occurring a t  meta l  su r -  
faces  a s  catalysis  > adsorption, desorption and epitaxy. 

Although various aspects  of the Fowler -Nordheim theory of field 
the reproducibility and reliability 

Muller overcame many of these  difficulties by providing a single 

The extreme sensitivity of field emission process  on the degree of s u r -  
face  contamination provided ea r ly  impetus for the obtaining and measu re -  
ment of high vacuumg as well as the f i r s t  visual demonstration of atomically 
clean surfaces  
scopy provided for surface physics and chemist ry  w a s  to make available a 
tool for obtaining and demonstrating Well-defined surface conditions in per  - 
forming investigations of surface adsorption and related phenomena 

Perhaps  the mos t  important contribution field electron mic ro-  

Theory of Field Emission 

Field emission is a quantum mechanical phenomenon with no c lass ica l  
analogue. 
a meta l  o r  semiconductor the surface potential b a r r i e r  is  deformed to provide 
a finite length through which electron within the meta l  can This 
phenomenon (See Figure 16) can be formulated mathematically by considering 
a F e r m i  sea  of electrons within the meta l  impinging on the surface 0 3 1  Multi- 
plying this  impingement ra te  by the appropriate quantum mechanical t r ans  - 
mission coefficient leads  to the following expression for  the number of field 
emitted electrons whose energy E (relat ive to the F e r m i  level) lies between 
E and E t dr: 

When a sufficiently high e lec t r ic  field is applied to the surface of 

tunnel" 
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- C  ~ / d  4nmde e 
P(e)de = de 

+ I )  
h 3 ( e ~  /kT 

where 

and 

and t(y)  and v(y)  a r e  slowly varying functions of the work function 0 and 
applied e lec t r ic  field F which have been published in tabular form.  

Multiplying Equation (32) by the electronic charge , then integrating over 
the l imits  -So to w , yields a n  expression for  the cur ren t  density of the 
field emitted electrons e This integration i s  conveniently accomplished by 
defining a dimensionless paramete r  p = kT/d  which leads to an expression 
for the current  density J 
form: 

of T - F  (thermal-field) emission of the following 
T F  

2 -c 
=P -- - - =p F e  - 

J T F  s inrp  8rhgtL(y) sinnp J O F  (33)  

which breaks  down completely at p = 1 but is approximately valid up to p?2/3. 
F o r  small values of p ( i .e .  
and one obtains the zero  degree approximation of the Fowler-Nordheim formula 
for Jo 
emission cur ren t  I and applied voltage V ,  a s  

low temperatures  o r  high fields) rp / s innp?  1 

which may  be rewrit ten in t e r m s  of the direct ly measurable  field 

2 - m / V  I = A V  e f (34) 

In view of this relat ion,  it follows that a "Fowler-Nordheim plot" of the 
current-voltage relationship (lnI/V2 vs 
slope m and an intercept Af with the ve r t i c a l  axis at 1 / V  = 0. The l ine-  
a r i ty  of a Fowler-Nordheim plot is  normally regarded a s  adequate proof 
that the emission is due to stable field emission.  When the Fowler-Nordheim 
l a w  is sat isf ied,  i t  can be shown that 0 is related to the slope m by the ex- 
p r e s  sion: 

l / V )  yields a straight line having a 

S(Y)  (35) 
7 03 /2  

m = 2 . 9 6 ~  10 - 
P 
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where s(y) is a tabulated function which i s  equal to 0.951 + 0.009 over the 
range of cur ren t  densities normally encountered. Using $e work function 
81 for  a clean surface as a reference,  the work function Q12 of the surface 
when coated with an adsorbate can then be determined f rom 

o2 = or, 

where m l  and m2 are the slopes of the corresponding Fowler-Nordheim plots.  
Absolute determinations of the work function require  a knowledge of the geo- 
met r ic  factor p (where F = PV) ,  which can be determined from an electron 
micrograph of the emitter  profile with an accuracy of about 15%; howevers 

when the work function of the uncoated surface is well known, both (3 and the 
work function of the coated surface can be determined with good accuracy.  

Techniques 

General discussions of field electron microscopy and details on con- 
struction and processing have been presented in the l i t e r a tu r e .30~31  Briefly,  
the field electron microscope is a diode in which field emitted electrons a r e  
drawn from the single crys ta l  hemispherical tip of a very  sharp  needle (tip 
radius usually below 1 micron) mounted in an evacuated bulb with a phosphor 
screen concentric with the cathode surface When a sufficiently positive 
"viewing voltage" is applied to the phosphor s c r een ,  the field emitted elec-  
trons t ravel  along near ly  radial  paths and form on the phosphor screen a 
visible highly magnified emission image of the emit ter  surface 
image i s  shown in Figure 17 for  a clean (110) oriented emit ter .  

to 10 
by the initial energy spread of about 0.25 eV of the field emitted electrons 
(and a stil l  higher resolving power(2.2A in  certain cases )  for  surface i r regu-  
lar i t ies)  Pat tern  detail  a r i s e s  fmm local  variations in field and work function 
at the tip surface ,  and t he  pattern has a symmetry characterist ic  of the crys ta l  
s tructure of the t ip  mate r ia l .  
coated tip provides a sensitive cr i ter ion for  checking the smoothness and 
cleanliness of the substrate 

Such an 
The field 

electron microscope i s  characterized by a high magnification (typically 10 5 
6 x) a high resolving power for  smooth sur faces ,  typically 30A, limited 

Observation of the emission pattern of the un- 

Emit ter  t ips a r e  easi ly fabricated f rom most  ref ractory  metals  and many 
semiconductor s 
faces $ although other methods, such as field desorption 
low melting meta l s .  
cated into clean emit ters  by vapor grown whiskers.  

Thermal  heating is normally employed for cleaning su r -  
mus t  be used for 

Nearly all metals  and semiconductors can be fabr i -  
3 2  

Adsorption, desorption and migration of adsorbates are measured  through 
observation of the ra te  of change of the field electron pattern o r  cur ren t  



Figure 17. Field emission pattern of a cl'ean (110) oriented tungsten emitter .  
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which in turn ,  permits  a determination of the associated physical constants 
(sticking probability, r a te  constants , and activation energies ) ,, However , a t  
the high values of e lec t r ic  field required for emiss ion,  there  is  a possibility 
that the l a rge  electrostat ic  forces  accompanying these fields m a y  a l t e r  the 
processes  under study and, at high temperatures  m a y  even a l ter  the shape of 
the substrate.  To avoid th i s ,  the "viewing field" required for field emission 
m a y  be applied in the form of very  short  pulses a t  low duty factor (e .g . ,  
1 microsecond pulses a t  a ra te  of 30 to 200 pulses per  second), and the 
emission pattern is then viewed as a motion picture.  
duced by Dyke33 and co-workers , minimizes the perturbing effect of the 
viewing field on the event under study and allows almost  complete freedom 
in the selection both of the t ip temperature  (from OOK to the melting point 
of the emit ter )  and of the magnitude and polarity of the dc voltage which, in 
addition to the pulsed viewing voltage, m a y  be applied a t  the tip surface.  

This technique, intro-  

Besides a high voltage supply for pattern viewing, additional equipment 
necessary  f a r  mos t  field emission investigations include sensitive current  
and voltage measuring m e t e r s  and provisions for  measuring and controlling 
the emitter  temperature .  The la t ter  is  usually accomplished by resist ively 
heating the supporting filament onto which the emit ter  is  spot welded and 
accurately measur ing the res is tance  of a small section of the filament, The 
resistance measurements  can be related to temperature  by precalibration o r  
making use of the known variations of resist ivi ty with temperature.  

The vacuum requirements for performing meaningful investigations of 
surface phenomena by field emission are such that the surface mus t  remain 
f ree  of foreign contamination over the period of time the measurements  a r e  
being performed. 
face phenomenon under investigation, but a lso  lead to sputtering of the emitter  
surface by positive ions formed by electron impact ionization when steady 
field emission cur ren t s  a r e  drawn from the emit ter  
a r e  part icularly effective in leading to cathode sputtering dur ing  field emission 
but this problem is readily eliminated in sealed-off tubes by using glass of 
low helium permeability o r  immersing the  tube in cryogenic liquids, 
ing on the type of experiment contemplated, field emission investigations can 
be performed with evacuated sealed-off tubes o r  tubes attached to the vacuum 
system,  but in either c a se  it is  desirable to have residual  gas p r e s su re s  well 
below 1 x 10 -9  t o r r .  
a s  hydrogen o r  neon, can be accomplished by immersing the tube in  liquid 
helium and utilizing chemical  o r  sublimation sources  to deposit the des i red 
adsorbate onto the emitter  A typical design of a field electron microscope 
used in adsorption studies is shown in Figure  18. 

Residual gas p r e s s u r e s  not only affect the part icular  s u r -  

Residual helium p re s su re s  

Depend- 

Investigations of the adsorption of volatile ga se s ,  such 

Work Function - Cove r ag  e Relations hip s 

The propert ies of the clean o r  contaminated emitter  surface become 
The prec i se  apparent only through their effect on the electron emission.  
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Figure 18. Front  view diagram of field emission microscope for investiga- 
tion of cesium and oxygen on tungsten. A ,  cesium source;  B, 
oxygen source  (heatable platinum crucible containing copper 
oxide); C,  emit ter  assembly;  D, e lect r ical  connection to con- 
duction coating; E ,  anode ring; F ,  cesium reservo i r ;  G ,  sec-  
ondary cesium source. 
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evaluation of the work function is therefore  of p r imary  importance in the 
interpretation of the pat terns  observed in the field electron microscope 
The variation in the electron emission over the surface of a smooth, atomi-  
cally clean tungsten emitter is caused by variation of the work function with 
crystallographic direction e 

change due to adsorption is s t r ic t ly  co r r ec t  only i f  F and 0 a r e  constant over 
the emitting region,  which is seldom the case .  
is averaged over a variety of crys ta l  faces with widely varying work functions 
It can be shown that the slope of a Fowler-Nordheim plot yields an average 
value of q 3 l 2 / p  which is related to the individual regions as follows: 

The use of Equation(36) to obtain the work function 

In general  the electron emission 

(37)  

where f i  is  the fraction of the total current  c a r r i ed  by the ith emitting region. 

In pract ice ,  the curvature of the Fowler-Nordheim lot over the voltage 
range is negligible , so that i t s  slope yields a constant gp/'/p It can be seen 
from Equation ( 37 )  that the experimentally obtained value i s  weighted heavily 
in favor of the highly emitting 
practice be taken a lmost  identical to the lowest 8 encountered on the emit ter  
surface 

o r  low work function , regions and m a y  in 

Thus,  in utilizing Equation (36) to determine work function changes on 
adsorption i t  should be remembered that average values a r e  obtained and 
when adsorption greatly a l t e r s  the emission distribution from that of the clean 
surface ,  these values cannot always be related direct ly to contact potentials 

The dangers inherent in the determination of averages  can be overcome 
by measuring the  electron current  f rom individual crys ta l  planes by suitably 
designed current  probes ,  
Figure 19 which allows measurement  of total energy distributions as well 
as the emission from a single plane. 

A tube designed for this purpose is shown in 

Utilizing the average work function-coverage relationships and t he  resul ts  
of probe tube measurements  
between the work function of individual. c rys ta l  planes and average coverage 
Although the field electron patterns give some indication a s  to the distribu- 
tion of the adsorbate over the various crystallographic planes,  only probe 
tube techniques w i l l  provide unequivocal measurements  a s  to the atom density 
on various planes throughout the coverage range. 

it is  possible to establish the relationship 

Surface Migration 

One of the ea r ly  uses  of field electron microscopy was the investigation 
of surface migration of adsorbed layers  on various subst ra tes .  The activation 
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energy for surface migration on various crystallographic planes can be 
determined readily by measur ing the temperature dependence of the rate of 
diffusion of the adsorbate as it migra tes  ac ros s  the emitter  surface.  
it has  been determined that the e lec t r ic  field necessa ry  for field emission 
viewing can a l t e r  the ra te  of surface migration.34 By applying the viewing 
voltage i n  pulses of low duty factor the t ime average field is negligible and 
such field effect problems a r e  eliminated without sacrificing viewing 

Recently, 

The determination of surface diffusion rates involves the measurement  
of the t ime necessa ry  for the adsorbate to t rave l  a given distance ac ros s  the 
emitter  surface.  
point when the advancing boundary t ravels  a specified distance on the surface.  
In ca se s  where the adsorbate migra tes  ac ros s  the surface without a sharp  
boundary visual end points cannot be easi ly employed. In this case  one can 
make use of the fact that the field emission cur ren t  (in this  c a se  the pulsed 
current)  usually var ies  as the adsorbate migra tes  ac ros s  the surface and 
can be utilized to establish the end point. 

This can be accomplished by visually choosing the end 

Thermal  Desorption 

Field electron microscopy lends itself to the measurement  of thermal  
desorption r a t e s  and has  been used in this connection for a variety of 
sys tems 30 Typically, thermal  desorption ra tes  a r e  determined by utilizing 
known relationships between work function and coverage In this fashion, 
ra tes  of work function change over a smal l  coverage increment a t  various 
temperatures  lead to the determination of activation energies of desorption. 

Pulsed electron microscopy can a l so  be used to good advantage for 
desorption measurements  for the following reasons: 
inspection of the pattern during desorption and use  of pattern changes for  
end points and (Z), the variation of the pulse current  Ip a t  constant voltage 
Vp a t  constant Ip can be  followed and related to  coverage-time plots for 
subsequent kinetic analysis .  When using I o r  V to follow desorption r a t e s  
ca r e  m u s t  be taken to allow for temperature  effects on I 
Equation(33) and a lso  the temperature  variations of the work function of the 
part icular  adsorbate - substrate system e 

(1) i t  allows visual 

P P as s h w n  in 
P 

I 

It should be realized that activation energy measurements  frequently 
involve some sor t  of average.  
toward the regions of lowest binding energy within the coverage increment ,  
whereas for mobile l ayers  in two -dimensional equilibrium the activation 
energy of desorption is often weighted towards the regions of highest binding 
energy. 

For immobile l ayers  the average i s  weighted 

Most adsorbate-substrate sys tems amenable to field electron microscopy 
lend themselves to the measurement  of desorption r a t e s  by the above methods. 
It is  only those systems which show no work function change on adsorption 
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that a r e  not eas i ly  investigated by field electron microscopy.  
such sys tems a r e  known to exist. 

So far ,  few 

Coadsorption 

Field electron microscopy has  recently been applied to the investigation 
of two-component adsorbate-  substrate s s tems  (coadsorption) The sys tems 
p o t a s ~ i u m - h y d r o g e n ~ ~  , c e ~ i u m - f l u o r i n e ~ '  and c e s i ~ m - o x y g e n ' ~  have been 
studied thus far. Of p r imary  in teres t  in  these investigations w a s  the effect 
of various amounts of the m o r e  strongly adsorbed electronegative component 
on the work function changes 
alkali meta l  

surface diffusion and desorption r a t e s  of the 

Although the resul ts  of utilizing field electron microscopy for the inves- 
tigation of coadsorption are in the prel iminary stages it can be stated with 
some degree of confidence that this technique has  great  promise for providing 
a detailed understanding of the specific interactions involved in these m o r e  
complex sys tems.  

Field Effects 

As mentioned ea r l i e r  the sometimes undesirable perturbation of the 
surface event under investigation by the high field required for field electron 
microscopy  can be eliminated by the use of pulsed field electron microscopy. 
Moreover the embodiment of the field electron microscope makes  it uniquely 
suited for the intentional study of the field perturbations of various surface 
phenomena 
to investigate the effect of field on the surface kinetics and thermal  dynamic 
stability of cesium on various refractory  metals  
viewing of the surface event under study can be retained even with the appli- 
cation of de fields of varying magnitude and polarity by superposition of the 
pulsed viewing voltage on the dc voltage through a suitable resistor-capacitor  
combination. 

The la t ter  character is t ic  has  been exploited recently38 in o rde r  

In practice the direct  

The temperature dependence of the surface diffusion ra tes  of cesium on 
tungsten in the presence of an electr ic  field has been measured38 for two 
different but successive modes of surface diffusion with an  initial cesium 
coverage of approximately 0.2 monolayer Values of the field dependent 
activation energy of surface diffusion Ed(F) for the two modes were  deter-  
mined by assuming a diffusion coefficient D ( F ,  T) of the form 

3 

where Do is a constant,  and x i s  the distance t raversed  by the adsorbed 

i 48 



cesium in  t ime t.  
presence of an electr ic  field was found to obey Equation (38), thus permitting 
the calculation Ed(F) and Doas functions of applied field. Results of this 
nature could be fitted to  a part icular  model involving the interaction of the 
applied e lec t r ic  field with the dipole moment formed by the adatoms,  thereby 
.giving considerable insight a s  to the electronic s t ructure  of the adsorbate. 

The temperature  dependence of the diffusion r a t e s  in the 

The effect of positive field on thermal  desorption (better known as field 
desorption) has  been investigated for a variety of systems39 9 4 0  $41 and 
recently treated t h e ~ r e t i c a l l y ~ ~  for  various types of adsorption. It is only 
through field electron microscopy techniques that field strengths sufficient 
to initiate field desorption can be generated a t  reasonable voltages and their  
effect on adsorbed layers  conveniently studied. 

According to Gomer and S w a n ~ o n , ~ ~ t h e r e  a r e  two basic mechanisms for 
field desorption, depending on whether I-@ is  large  o r  relatively small. Both 
cases  involve a deformation of the potential energy of the ionic adsorbed state 
such that 
both the ground state and a repulsive state.  
field desorption is expressable as 

beyond a certain distance xc from the surface the ionic state i s  
In general ,  the ra te  constant for 

13 -1  where v i s  a frequency factor (- 10 
entropy factor which generally decreases  with F. 
vation energy for desorption , which may  be written generally as  

sec  ) ,  s i s  a transition probability or 
The quantity Ea(F) is the act i-  

n 

where In is the nth ionization potential, Ea the ze ro  field binding energy,  and 
A(F)  is  a field dependent correction factor ,  which is different for  the various 
types of binding , Ionic, Metallic and Covelent, 
category of small 1-8 .  

The f i r s t  two fall under the 

Case I. I-@ Small: Ionic Adsorption.-This situation i s  the simplest to 
consider for the field correction is easi ly computed by differentiating the 
total potential fo r  an ion bound to the surface.  
found to be given by 

The correction factor i s  

- F en(x - h )  A(F) = (ne) 3/ZF1/2 
0 

where h i s  a Thomas-Fermi  screening Length and xo is the equilibrium distance 



of the ion f rom the surface ,  In this  case  s = 1 

Metallic Adsorption.-In the ca se  of metal l ic  binding, I-@ is still small 
and tk atomic valence level ,  which becomes broadened a s  the atom approaches 
the surface , l i e s  near  the F e r m i  level ,  
below the Fermi level 

If this valence level l i e s  only part ly 

3/2F1/2 1 2 
A(F) = 3.8 n - - (a -ai) F - p F  2 a  

Where aa is the effective polarizability at x = xo, a i  is  the ionic polarizability, 
and p i s  the effective dipole moment a t  x = xoo 

On the other hand, i f  the valence level falls completely within the con- 
duction band of the me ta l ,  a s  would be the case  of a meta l  atom adsorbed on 
a surface of identical a toms ,  the l as t  t e r m  above is not effective so that 

3/2 1 /2  1 2 
A(F) = 3 . 8 n  F - 2 (aa - a i )F  (43) 

Fo r  both situations, s i s  unity. 

Case 11. I -@ large:  Covalent Bonding. -When I-@ is l a rge ,  

2 
A(F)  =- ‘ne) t F en x t A(P) (44) 4x C 

C 

where xc = xc -1- X and A ( P )  refer  to various polarization effects which a r e  
discussed in g rea te r  detail  elsewhere 4 2  Field desorption measurements  not 
only provide knowledge as to the types of field interactions with the electronic 
s t ructure  of the adsorbate ,  but also provide considerable insight as to the 
detailed bonding of the adsorbate to the substrate and,  in some cases43,  yield 
precise  mapping of the one-dimensional potential energy curves of the adsorbate - 
substrate system 

Since field desorption i s  mos t  conveniently studied by field electron 
microscopy techniques from an immobile l aye r ,  probe techniques can be 
used to great  advantage to isolate the measurements  to single crystallographic 
planes 
activation energies of desorption from the existing field desorption theory,  
allows one i n  principle to determine the variation of the ze ro  field binding 
energy a s  a function of adsorbate coverage on a single crystallographic plane. 

This coupled with the ability to determine indirectly ze ro  field 
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Epitaxial Layers  

Another recent  application of field emission techniques has  been the 
investigation of the nucleation and growth kinetics of epitaxial l ayers  on 
various substrates 
as an extension of ea r l i e r  investigations of vapor phase grown metal l ic  whiskers, 32 

also by field emission techniques , to the investigation of two-dimensional 
epitaxial l ayers .  
of adsorbate - substrate have provided considerable insight as  to 
the detailed mechanisms involved in  the nucleation process  and the effect of 
substrate and surface contaminants on the epitaxial growth kinetics ,, 

Results  of this  nature were  first reported by Melmed44 

Investigations of this nature ,  now reported for  a variety 

One part icular  interesting phenomenon regarding epitaxial growth dis-  
covered by Melmed that has  some bearing on field electron microscopy 
technology concerns the apparent  ability of cer ta in  low melting adsorbates 
such a s  copper 
techniques , to be grown epitaxially on a tungsten substrate.  
it was observed that the epitaxial layer consisted of a clean,  perfect single 
crys ta l  s t ructure  of the face-centered copper s t ructure  grown ac ros s  a 
tungsten field emitter  surface and could be  used for subsequent ad,sorption 
studies by field electron microscopy techniques 

which a r e  not readily amenable to field electron microscopy 
In some instances 

Summary 

Some of the recent  applications of field electron microscopy to surface 
phenomena a r e  as follows: 
(2) Zero field surface migrat ion;  ( 3 )  Thermal  desorption; (4) Coadsorption; 
(5) 
(7) Electron impact desorption; and (8) Substrate surface rearrangement 
(e.g. , self-migration and sputtering). 
that field electron microscopy has  made important contributions to the under- 
standing of various phenomena which occur a t  meta l  and semiconductor 
surfaces and w i l l  continue to make significant contributions as i t s  use becomes 
m o r e  widespread, 

(1) Work function-coverage relationships ; 

Field effects on surface kinetics: (6) Investigations of epitaxial growth; 

It seems safe to conclude, therefore , 

FIELD ION MICROSCOPY 

Int P o duc t i  on 

It might be supposed that an ideal tool for acquiring the des i red under- 
standing of metal surfaces would be one permitting actual visualization of 
events occurring the re  on an atomic scale.  
single a toms 
similar to the field electron microscope 
formed with ions ra ther  than electrons.  

Because of its ability to resolve 
the field ion microscope very  near ly  achieves this ideal.  Although 

the field ion microscope image i s  
Here  advantage is taken of the shorter  
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wavelength of the ions and the fact that ions from a cooled emitter  surface 
have smal ler  t r ansverse  energy,  making it possible to distinguish adjacent 
a toms which have a separation of 2.74 a o r  l e s s .  

The basic principle of the field ion microscope is that atoms can be ion- 
ized in a high e lec t r ic  field, an  effect predicted by O ~ p e n h e i m e r ~ ~ a n d  ver i-  
fied experimentally by MUllerf7 In this process  $ known as field ionization, 
the potential energy curve of the atom becomes distorted to such an extent 
that an electron can tunnel from the atom into the me ta l  with the formation 
of a positive ion as i l lustrated in Figure 20. 
the tip is maintained at a sufficiently high e lec t r ic  field to ionize the imping- 
ing gas atoms which a r e  present  within the tube (usually helium at a p re s su re  
of approximately one micron) .  
approaches 4 o r  5 v o l t / a ,  and is highest in  the vicinity of the atoms which 
pro t rude  beyond the average surface by virtue of the fact that the tip is 
crystalline in nature.  
i s  greater  than expected on the basis  of kinetic theory because of at tract ive 
field induced dipole fo rces ,  There  is a cr i t ica l  distance,  xc , from the emit ter  
surface within which field ionization i s  not allowed because the ground state of 
the imaging gas atom falls below the F e r m i  level so that tunneling of the 
electron is prohibited. Thus ,  best  resolution is achieved by selecting a 
value of the e lec t r ic  field such that ionization occurs  as near the cr i t ica l  
distance as possible 

In the field ion microscope , 

The e lect r ic  field a t  the surface of the t ip 

The ra te  of impingement of the surrounding gas  atoms 

Most of the impinging gas atoms actually pass  through the cr i t ica l  region 
without being ionized and as they collide with the surface they impar t  some 
of their kinetic energy to the subst ra te ,  being left with only enough energy 
to llhop's about on the surface 
protruding surface atoms where the probability of ionization is greater  because 
of the higher electr ic  field and the ions thus formed are accelerated to the 
phosphor s c r een ,  creat ing an image of the surface as shown in Figure  21. 
Clear ly ,  the resolution will be improved i f  the tangential velocity of the ions 
leaving the surface can be reduced. This is done by cooling the t ip  to liquid 
nitrogen o r  liquid hydrogen temperatures  

As they move about , they eventually hop over 

The field ion microscope has  found application in the investigation of 
such phenomena a s  surface migration , adsorption sputtering, field desorp-  
tion, an  d surface s t ructure  , not to mention invaluable contributions made in 
the study of defects and related proper t ies  of the bulk crys ta l  .48,49Despite 
the importance of these contributions the field ion microscope is severely 
limited in i t s  application to the examination of surfaces .  
of difficulty i s ,  of cou r se ,  the fact that the high e lec t r ic  field in which the 
studies mus t  necessar i ly  be made undoubtely causes  rearrangement  o r  
desorption of the adsorbate.  
substrate a toms themselves m a y  occur The occurrence of field evapora- 
tion, r e s t r i c t s  use of the field ion microscope to meta l s  whose melting points 
exceed roughly 1700°K. Exceptions a r e  possible i f  one i s  willing to sac r i -  
fice resolution by working a t  lower than optimum fields. Another problem 

The pr imary  source 

In extreme c a s e s ,  field evaporation of the 

52 



Figure 20. Potential energy diagram f o r  field ionization. 
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Figure  21.  A field ion pattern of a tungsten surface illustrating the atomic 
resolution of the microscope. 
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that has  been encountered is that  of etching of the emit ter  t ip by field enhanced 
chemical reactions of the adsorbate with the substrate 0 5 0  

Field ion microscopy does lend i tself  very well to the inspection of clean 
surfaces since i t  is possible to actually clean the tip by field evaporation of 
the substrate by increasing the field slightly above that required for imaging 
of the s ~ a r f a c e . ~ ~ C o n t r o l l e d  removal of the surface layers  allows one to inves- 
tigate the depth of surface defects and other properties which lie a few atomic 
layers  below the surface.  

Theory of Field Ion Emission 

The mechanism of field ionization is also a quantum mechanical phenom- 
enon, and is essential ly field emission in r eve r se  in that electrons tunnel 
from the gas phase molecules into the tip. 
levels in the me ta l  below the F e r m i  energy cF , the applied field mus t  r a i s e  
the valence level of the atom to e F ,  so  that (neglecting polarization effects) 
the condition for field ionization i s :  

Since there  a r e  no empty electronic 

2 
=r e FX = I - @ - -  

C 4x 
C 

(45) 

where I is the ionization potential of the molecule ,  @ is  the work function, 
and xc is the minimum distance a t  which field ionization can occur;  the las t  
t e r m  of Equation(45)is due to the image potential. 

As in the case  of field emiss ion,  an  expression for the field ion current 
is  obtained by multiplying the ra te  of supply of molecules to the high field 
region near the tip by the probability of field ionization. The exact details 
of this calculation are complex and w i l l  not be reproduced here  , except for 
the following approximate expression for the lifetime with respect  to field 
ionization: 

3 / 2  -16 0 .681  7. = 10 exp 
1 

where I is in electron volts and F in volts per  angstrom.  

In view of the above, the mechanism of image formation in the field ion 
microscope becomes quite c l ea r  e Atoms o r  molecules approaching the tip 
a r e  ionized in  the  vicinity of xc either on the way in o r  on the rebound; the 
ions are accelerated along the Lines of force toward the negative screen so 
that a magnified image r*1 x /  (ktrt)  of the ionization zone is produced there , 
where x i s  the t ip to screen distance in cent imeters ,  rt is  the tip radius and 
kt Y 1 5 is an  image compression factor 
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According to Equation (46) the probability of ionization is a sensitive 
function of field, so that the ion image i s  a reproduction of the microscopic 
field distribution at the surface of the emit ter .  Since ionization occurs  at 
xc ,  any overlap of the equipotentials of the surface a toms w i l l  cause a certain 
amount of loss  of s t ructure .  
at the surface due to the high fields required for image formation w i l l  a lso  
lead to image distortion. 

Also any distortion of the electronic s t ructure  

The resolution of the field ion microscope depends on two factors  3 
f i r s t ,  the t r ansverse  velocity of the image forming ions and second, the loss  
in detail in the field distribution at xc Diffraction effects which mus t  also 
be taken into account, a r e  found to be negligible e 
part ial  thermal  accommodation on the tip reduces the incoming thermal  and 
polarization velocity components of the image gas .  
the resolution limit due to t r ansverse  velocity components becomes 

As pointed out by Mt!iller,48 

Under these conditions 

5 4 for r = 10-  c m ,  kt = 1 .5 ,  and V = 10 Volts,  Equation (47) gives a resolution 
of 10 a a t  300°K and 2 - 4  2 at  20°K, 

The second factor which l imits  resolution is m o r e  difficult to a s s e s s ,  
but an approximate c a l ~ u l a t i o n ~ ~ s h o w  s the form of the functional dependence 
as 

where a is  a numerical  constant of the o rder  of 0.5 to 1 . O ,  d is in angs t roms,  
and I and 8 a r e  in electron volts. 
Equation (48), goes through a maximum 20.4 E I-1/2at: 

It can be readily shown that d ,  as given by 

I = 30 (49) 

which suggests that Equation (48) places the mos t  severe  limitations on the 
resolution for imaging gases  whose ionization potential i s  near ly  three t imes 
the substrate work function. 

48 It has  a lso  been postulated that the impinging molecule,  af ter  par t ia l  
thermal  accommodation, undergoes a s e r i e s  of hopping motions because of 
the attraction of the inhomogeneous field acting upon the induced dipole. 
The average hopping height h turns  out to be 

3kTr 
h =  e 
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where a is the polarizability of the impinging molecule. 
gested that mos t  favorable resolution and highest image intensity a r e  ob- 
tained when the hopping distance is slightly l a rger  than xco  

It is  further sug- 

In o rde r  to real ize bes t  resolution and image intensity for the field ion 
image it wi l l  be necessa ry  to optimize the conditions expressed in Equations 
(46) through (50) with respect  to such variables at I ,  @, T ,  r t  and F. Also, 
the above considerat ions,  which a r e  derived for a degenerate me ta l ,  may  not 
apply exactly in the ca se  of a nonmetallic adsorbate 
equipotentials above an adsorbed molecule m a y  not reproduce its atomic 
s t ructure  unless the molecule behaves as  a conductor ( i .e . ,  does not tolerate 
internal e lec t r ic  fields); in addition, the overlap of meta l  and adsorbate 
orbitals  mus t  be sufficient to allow fast electron exchange in o rde r  to main-  
tain a uniform surface charge on the adsorbate during field ionization. 

F o r  instance,  the 

Summary 

The field ion microscope is a unique tool for  the investigation of surfaces 
because i t  permits  single atom resolution of the surface.  
field ion microscopy is a valuable tool for gaining information about the 
substrate.  However, this technique is limited in  its applications to the 
investigation of surface-adsorbate interactions because of the effects of the 
extremely high electr ic  fields present  at the surface which can cause r e -  
arrangement o r  even desorption of the adsorbed molecules. 

Consequently, 
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SECTION B-COMPILATION OF EXPERIMENTAL DATA 

Ob j e c t i  ve s 

In this  section,bquantitative resul ts  are given on atom and ion desorption 
energ ies ,  activation energies for diffusion, work function changes due to ad-  
sorbed gas s adsorption site densities and vibration periods of adsorbate a toms o 

Some quantitative information has  been given on dipole moments 

The quantitative data have been summarized and categorized alphabet- 
ically according to subst ra te .  
categorized into meta l s  and electronegative gases’ for simplicity of p r e -  
sentation. 

F o r  each subst ra te ,  the adsorbates have been 

’ Reference to the experimental  methods used is given in the text by the set 

The l i s t  of tech- 
of initials following the author’s  name and the date 
introduction gives the techniques to which the initials apply. 
niques are variations on the general  methods given i n  Section A of, this  repor t  * 
A bibliography of authors referenced in Section B i s  presented a t  the end of 
the section. 

A table following this  

Future Work 

In the final r epor t ,  we expect to cross- tabulate the data according to 
experimental pa r ame te r s  Addition to the experimental r esu l t s  section w i l l ,  
in general ,  be in the fo rm of graphs of the data which give information a s  to 
the coverage dependence of cer ta in  paramete rs  

Table of Techniques 

CPD - 

EID - 

F D  - 

F E M  - 

Contact Potential Difference refers to any one of a variety of tech-  
niques i n  which the difference of potential between a reference 
electrode and an electrode of unknown work function is measured .  

Electron Impact Desorption is discussed in detail  in Section A and 
refers to desorption of a toms f rom a surface by electron bombard- 
ment .  

Field Desorption r e f e r s  to techniques involving desorption due to 
high fields at the surface of a field emitter t ip.  

Fie ld  Electron Microscopy r e f e r s  to tunneling of electrons through 
a thin potential b a r r i e r  surrounding a needle-shaped tip and sub- 
sequent radia l  expansion of the electron beam out to a screen.  
studies the effects of adsorbates on the potential b a r r i e r .  

One 
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F F D  - Flash  Filament Desorption r e f e r s  to a variety of techniques dis-  
cussed in Section A where experimental p a r a m e t e r s  a r e  measured  
from the kinetics and thermodynamics of interaction of a gas with 
a macroscopic surface a r ea .  

FIM - Field Ion Microscopy is a technique where ions which come within 
a high field region close to a sharp  tip are ionized and t ravel  
radially outward to a sc reen  where they form a pattern which 
specifies positions of atoms of the tip. 

LEED - Low Energy Electron Diffraction r e f e r s  to the bombardment of a 
single c rys ta l  surface with low energy electrons.  Owing to their  
wave na ture ,  the electrons a r e  diffracted as they interact  with the 
lattice and produce a regular  a r r a y  of spots on a sc reen  behind the 
source .  
gives information on the arrangement of adsorbates on single 
c rys ta l  planes 

The a r r a y  is a l tered by the presence of adsorbates and 

L D  - Langmuir Diode r e f e r s  to a technique used for  measuring alkali 
desorption r a t e s  by intercepting a fraction of desorbing species 
and ionizing them on a hot tungsten f i lament.  
and ionic desorption can both be determined by application of 
appropriate potentials.  

The ra te  of neutral 

P B  - Pulsed Beam is  a method of determining adsorption lifetimes on 
a heated surface by use of a pulsed beam of adsorbate and observing 
the decay of adsorbate ion cur ren t s  between pulses e 

RT - Radiotracer Techniques r e f e r s  to the use of radioactive isotopes of 
adsorbates to determine surface concentrations 

TEM - Thermionic Emission r e f e r s  to a general  body of techniques where 
experimental pa ramete rs  a r e  determined using work function var ia-  
tions as a heated substrate is continuously taking up and desorbing 
metal l ic  adsorbates 

S P  - Surface 
for measur ing the difference of potential between a reference 
surface and a surface  of unknown work function. 

Potential r e f e r s  to any one of a variety of techniques used 

6 TFC - Thin Film Calorimetry r e f e r s  to a technique in which gas is ad-  
sorbed onto a thin film of me ta l  and the actual  temperature  change 
of the film due to adsorbate-  substrate interaction is measured.  

TFSP - Thin Film Surface Potential refers to surface potential measu re -  
ments  applied to thin films - 
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EXPERIMENTAL RESULTS 

Aluminum 

Oxygen - The integral  heat of adsorption of oxygen on aluminum thin films 
(Brennan, e t  a l ,  1960, TFC) .  w a s  measured  to be 9.2 eV. 

Chromium 

Oxygen. - The maximum work function increase is 2 .1  eV upon adsorbing 
oxygen a t  78OK. (Quinn and Rober t s ,  1964 TFSP) .  The mean integral  heat 
of adsorption has been measured  as 7.05 eV. (Brennan et  a l ,  1960, TFC).  
The initial sticking probability i s  0 3. (Haque and Farnsworth , 1964, LEED) e 

Nitrogen. - The initial sticking probability w a s  determined as 0.03 (Haque 
and Farnsworth 1964 , LEED) . 

Carbon Monoxide - The initial sticking probability w a s  determined to be 
0.2 (Haque and Farnswor th ,  1964, LEED) e 

Carbon Dioxide ~ -The average integral  heat of adsorption was given as  
3.5 eV. (Brennan and Hayward, 1965,TFC). 

Cobalt 

Carbon Monoxide. - The initial heat of adsorption is given as 2.0 eV. 
(Brennan and Hayward, 1965 , TFC) .  

Carbon Dioxide. - The initial heat of adsorption is given as  1 . 6  eV. (Brennan 
and Hayward 1965, TFC) .  

Oxygen.-The initial heat of adsorption is given as  4.3 e V .  (Brennan et a l ,  
1960, TFC).  

Copper 

Barium Oxide e - Adsorption of barium oxide onto a thin film of copper 
caused the work function to decrease from 4.3 to 2 1 eV. 
1960, TFSP). 

(Ptushinskii,  

Carbon Monoxide -Carbon monoxide adsorbed on  a thin f i l m  of copper 
deposited at 90°K produced a work function change of -0.315 eV. 
1962, TFSP).  

(Pr i tchard ,  
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Hydrogen. - Adsorption of hydrogen on films deposited and kept at 90°K 
resulted iz work function change of 0.35 eV. 
desorption at low coverage is 0.74 e V .  (Pr i tchard  1962 TFSP) . Hydrogen 
has  no effect on the work function of the (100) face of a copper single crys ta l .  
(Lee and Farnsworth ,  1965 LEED). 

The activation energy for 

Oxygen. - The addition of a large  single dose of oxygen to a clean f i l m  at 
(Quinn and Rober t s ,  298OK caused the work function to change by 0.55 eV. 

1964, TFSP) 

Gold 

Carbon Monoxide. - Carbon monoxide adsorbed on a gold film at 90°K 
caused the work function to decrease  by 0.805 eV. (Pr i t chard ,  1962, TFSP).  

Hydrogen. -Hydrogen adsorbed onto a gold film deposited and kept a t  90°K 
(Pr i t chard ,  1962, TFSP) .  resulted in a work function increase  of 0.193 eV. 

Iridium 

Acetylene Ethane,  Ethylene and Hydrogen. - The qualitative character  of 
__. 

field emission patterns indicated a ra ther  uniform covering of the high index 
faces  of ir idium by all species studied in the temperature  range 70-30O0K. 
Hydrocarbon species I once chemisorbed are substantially immobile a t  t em-  
peratures  below 70O0K; above 700°K an increase  in electron emiss ion,  probably 
due to carbonization, occurs  around the edges of the (11 1) planes 
surfaces containing adsorbed species were  flash heated for controlled periods 
of t ime to controlled temperatures  ; character is t ic  changes in work function 
resulted which were both time and temperature  dependent e 

indicated that hydrogen i s  readily desorbed from iridium above 400°K, and 
that a large  portion of the adsorbed ethane is readily desorbed at 100°K, but 
a residue f rom adsorbed ethane is not desorbed below IOOOOK. F o r  a given 
heating t ime 
for adsorbed ethylene and acetylene showed character is t ic  differences below 
450°K. 
dehydrogenation of chemosorbed ethylene to form chemisorbed acetylene and 
chemi sorbed hydrogen 
of chemisorbed acetylene and finally crystallization of carbon residue.  
(Arthur and Hansen 

Iridium 

These experiments 

curves  representing work function as a function of temperature  

Results  were interpreted as indicating chemisorption of ethylene 

desorption of chemisorbed hydrogen, dehydrogenation 

1962,  FEM) e 

Iron 

Nitrogen. -Nitrogen adsorbed on an i ron  film caused the work function to 
diminish by 0.27 eV with increasing coverage up to 1 x 1015 molecules /cm 2 . 
(Suhrmann et a l ,  1963, TESP) 



Oxygen. -Successive oxygen doses resulted in  a work function change of 
1.55 eV for a film at 78'K. 
the work function change to t o  5 eV. (Quinn and Roberts  1964, TFSP) . The 
initial heat of adsorption of oxygen was measured  to  be 5 - 9  eV. 
et a l ,  1960, TFC) .  

Subsequent warming of the film to 193OK decreased 

(Brennan, 

Carbon Monoxide. - The initial heat of adsorption of carbon monoxide is 
2.0 eV. (Brennan and Hayward , 1965 , TFC) e 

Carbon Dioxide. - The initial heat of adsorption of carbon dioxide is 3 .O eV. 
(Brennan and Hayward, 1965 TFG).  

Manganese 

Carbon Monoxide e - The initial heat of adsorption of carbon monoxide w a s  
measured  as  3.4 eV. (Brennan and Hayward, 1965, T FC) .  

Oxygen. - The initial heat of adsorption of oxygen is 6 5 eV. (Brennan and 
Hayward, 1965 , TFC) .  

M o 1 yb de num 

Barium -The electron work function w a s  measured  by Richardson method 
for three faces of molybdenum single crystal :  @,,, = 4.40 t 0.05 ev ,  @,,, = 4.15 t 0.05 eV, using an arrangement employing 
spherical  an2  plane electrodes 
value of 4 .8  to 4.9 eV was obtained for 8110. 
(1 11) face lowered the work function to 2 3 t 0 .1  eV. 
sorption of barium on the (111) face of the molybdenum crys ta l  was determined 
f rom adsorption curves as E l l l  = 3.90 - 4.00 eV. 
TEM) 

Olio = 5.10 t 0.05 eV,  

In the ca se  of a spherical  specimen a lower 
Evaporation of barium on the 

The mean heat of ad-  

(Azizov, e t  a l ,  1966,FEM 

Cesium - A minimum work function of 1.5 eV w a s  found by field electron 

A study of the temperature  
emission techniques e The work function-coverage curves  agree  closely with 
existing ones measured  by thermionic methods. 
effect on work function for cesium on molybdenum showed a negative temper-  
a ture  coefficient of approximately 1.3 x eV/deg. (Swanson, et a l ,  1964a, 
F E M ) .  
desorption of Cst  from molybdenum is given a s  1.72 eV with a vibration t ime 
'T: 0 = 12.3 x 

Field effects were found to be the same as for tungsten, The heat of 

sec , (  Husmann, 1965, PP). 

Gold. -The heat of desorption w a s  found to be 4.2 t 0 e 2 eV and the vibration 
t ime  0.5 x sec .  (Von Goeler and Luscher ,  1963, RT) .  

Nickel. - Nickel w a s  found to adsorb coherently on molybdenum and prefer  - 
F o r  coverages of about 1 /5  of a entially on the (1 11) planes of the substrate 
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monolayer the activation energy of surface migration was 1.48 t 0.06 eV. 
The desorption energy was 2 e 10 t 0.05 eV and did not vary with-degree of 
coverage, Heavy adsorbed layers  of nickel were investigated and the equi- 
librium position of heavy layers  was found to be field dependent, 
and Bradley,  1957, FEM) ,  

(McIrvine 

Silver.-The desorption energy of s i lver  was measured  as  1.9 t 0.3  eV. - 
(Van Goeler and Peacock,  1963, RT) .  

Carbon Monoxide. - The initial heat of adsorption on a thin f i l m  was 
measured  as 3.2 eV. (Brennan and Hayward, 1965, TFC).  

Hydrogen. - The initial heat of adsorption i s  given as  1.74 eV. (Cerny,  
The sticking probability of hydrogen is 0 35 for filaments e t  a1 1966,TFC). 

and a surface coverage of 8 .2  x 1014 a toms/cm2 w a s  obtained a t  295'K. 
Saturation surface coverages were independent of p r e s su re  for the range 

- 
225 to 500°K. 
(Pasternak and Wiesendanger , 196 1 , F F D )  . 

t o r r )  studied,but strongly temperature  dependent in the range 
Adsorbed hydrogen was readily replaced by other gases .  

Nitrogen. - In the adsorption of nitrogen on molybdenum filaments , the 
saturation surface coverage decreased about 30% a s  the temperature was 
ra ised from 222'K to 710°K, and the initial sticking probability decreased 
f rom 0 .7  to 0.2 as the higher temperature  was approached. 
a ture  , the initial sticking probability is 0 .7  and the surface coverage is 
4.4 x 1014 a t / c m  . (Pasternak and Wiesendanger, 1961, F F D ) .  The initial 
sticking probability for nitrogen on molybdenum films w a s  found to be 0 .6  a t  
room temperature  but the shape of the sticking probability v s  coverage curve 
i s  different f rom that obtained using filaments. (Pas ternak e t  a l ,  1966, TF) .  

At room temper-  

2 

Oxygen a -The maximum work function change fo r  oxygen on molybdenum 

Addition of hydrogen to an  oxidized film 
films is 1.65 eV. No di stinction between values of the work function obtained 
at 77OK and 298'K could be made.  
at 25'K produced no change 
as  hydrogen w a s  slowly adsorbed.( Quinn and Roberts  , 1964, TFSP).  

but a t  about 423OK the work function decreased 

Flash filament studies shaved two desorption peaks.  
resolved by heating the filament to 1300°K in about 1 s ec .  
in  the ranges 300 - 600°K and 800 - lOOOOK. 
The initial heat of adsorption has been measured  as 7.5 eV. 
1960, TFC).  

These could be 
The peaks occurred 

(Brennan,  et a l ,  
(Gasser  and Schuftan, 1963, F F D ) ,  

Nickel 

Barium. - Adsorption of barium caused a maximum work function decrease  
of 2 . 2  e V .  Barium oxide caused a work function decrease  of 2 . 9  eV. 
(Ptushinskii , 1961 , TFSP) . 
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Cesium. - A layer of cesium caused the work function to decrease  by 2 .9  eV. 
_I_- 

(Ptushinskii,  I961 TFSP).  

Silver. - The heat of desorption of s i lver  f rom nickel was determined to  
be 1.6 t 0.3 eV. (Van Goeler and Peacock,  1963, RT) .  - 

Carbon Monoxide e -Carbon monoxide is present  on nickel in three states 
whose desorption energies a r e  g ivenas  0.15, 0.28 and 2.28 e V .  
ential activation entropies calculated f rom the experimental data for these 
s ta tes  a r e  -44.5 , -42.2 and 8.4 cal/mole-deg. 
initial heat of adsorption has  been measured  a s  1 -83  eV. 
Hayward, 1965 , TFC) 

The di f fer-  

(Degras , 1965 , FFD) .  The 
(Brennan and 

Hydrogen. - It was found that boundary-free migration occurs  at coverages 
up to 8."+.'1 with an activation energy of 0.30 t 0.04 eV by field electron emission 
studies. For  8 3  1 spreading occurs  nea r  45K, as with hydrogen on tungsten. 
The heat of desorption of H2 f rom nickel was found to be 2 .O t 0.13 eV for 
8 =z -GO. 1 f rom the temperature  variation of the desorption r a t e s .  The failure 
to observe on nickel the intermediate coverage boundary spreading found on 
tungsten by field emission techniques is believed to result  from th.e fact that 
nickel i s  much m o r e  closely packed, so that all portions of the nickel surface 
seemsa smooth" to H a toms .  
fact that the rat io of the diffusion heat to  the adsorption heat is approximately 
1 for nickel.  
on tungsten (Wortman et a1 , l957a , FEM). A field dependent t ransforma-  
tionin the adsorbed film w a s  found between 2' and 4OK and interpreted as  a 
shift in the equilibrium between adsorbed H2 molecules and the terminal  
fraction of adsorbed H a toms .  
n ism of H2 - D2 exchange can be considered. 

Evidence in  favor of this  argument i s  found in the 

This rat io corresponds to that found for radial  boundary diffusion 

The implications of this  resul t  for the mecha-  
(Wortman, et aP, 195713, FEM).  

Hydrogen adsorbed on a (110) surface of a nickel single c rys ta l  has an 
isoter ic  heat of adsorption of 1.2 eV. 
The average integral  heat of adsorption is given a s  0.95 eV. 
Hayes ,  1964, TFC).  

(Germer  and MacRae,  1962a, LEED).  
(Brennan and 

Oxygen -The maximum work function change on a nickel thin film is 1.4 eV 
for a deposit formed and held at 78OK. 
initial heat of adsorption of oxygen on nickel is 4.6 eV. 
TFC).  

(Quinn and Roberts  , 1964, TFC) .  The 
(Brennan et a l ,  1960 , 

N io bi urn 

Nitrogen. -Nitrogen adsorbs  onto niobium with an initial sticking probability 
2 of about 0 .4  a t  298OK and forms  a surface coverage of 7 x 1014 a toms/cm . 

Above 400°K nitrogen diffuses into the bulk. (Pas te rnak ,  1965, F F D ) .  

Carbon Monoxide. -There  are a t  leas t  two chemi sorbed binding s ta tes  , 
The field electron emission the weaker one being desorbed above 150°K. 
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patterns resulting f rom heating to 600°K and above indicate a decomposition 
of the CO held on the surface in the m o r e  strongly bound state.  
covered surface in the region of 150°K leads to a character is t ic  mottling of 
the pattern ascribed to surface clustering e 

desorption a r e  i r revers ib le  w a s  given. 

Heating a CO 

Evidence that adsorption and 
(Klein and Little , 1964, FEM). 

Oxygen. -The initial heat of adsorption is 9 .O eV. (Brennan et a l ,  1960 , 
TFC).  

Palladium 

Carbon Monoxide. -The initial heat of adsorption of carbon monoxide is 
1.9 eV. (Brennan and Hayward, 1965 , TFC) 

Oxygen - The initial heat of adsorption is 3 0 e V .  (Brennan et a l ,  1960 TFC) . 

Platinum 

Carbon Monoxide, -The initial heat of adsorption is 2 1 eV. (Brennan and 
Hayward 1965 TFC) 

Hydrogen. -Hydrogen chemisorption at 300°K to a maximum coverage of 
about 0 .2  monolayer was attained at a ra te  corresponding to a st icking proba- 
bility of 0.001. (Wiesendanger,  1963, F F D ) .  

Oxygen. - It w a s  found that under cer ta in  circumstances of heavy oxygen 
contamination on platinum that it w a s  near ly  impossible to remove the contam- 
inant , and there  appeared to be a definite interaction with the platinum upon 
heating e 

emission tips (Melmed, 1965a , F E M )  (I The initial heat of adsorption i s  
3.0 eV. (Brennan e t  a lp  1960, T F C ) .  

This w a s  established by controlled oxidation of platinum field 

0 
Nitrogen. -No chemisorption of nitrogen occurs  on platinum a t  300 K and 

p re s su re s  below l o m 7  t o r r .  (Wiesendanger , 1963 , F F D )  

Rhenium 

The heats  of desorption of numerous alkali me ta l  ions from rhenium have 
been studied a n d  a r e  given along with the respective vibration periods (To) 
in the following table: 
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Worker 

(0.6 t 0.4) x 4.74 t 0.21 (Scheer and F ine ,  1963a, PB) t 
- - Ba 

1.96 (Taylor , 1964a, LD) Cst 1.93 x 10 

6 s  11.4 x 1 0 - l ~  2.2 (Husman, 1965 PP) 

-13 

2.04 t 0.04 (Scheer and F i n e ,  1963a, PB) 

2.33 t 0.03 (Scheer and F ine ,  1963b, PB) 

- (1.9 t 0.9) x CSt - 

Kt - - (1.0 0.3) 1 0 - l ~  

2.28 t 0.03 (Scheer and Fine, 1963b, PB) 

2.75 t 0.03 (Scheer and F i n e ,  196313, PB)  

- (0.8 t 0.3) x Rbt - 

- (0.2 t 0.1) 1 0 - l ~  t 
- Na 

Thorium - The Richardson constants for rhenium were found to be 
8 = 4.85 eV,  and A = 66A/cm2 - deg2. The work function decreases  as 
thorium is adsorbed to  a minimum of 3 15 eV at a coverage of 4.2 x 10" 
a toms/cm2 then r i s e s  to a constant value 9, of 3 .3  eV a t  6 = 8 x. 1014 a toms/cm 
A comparison with the tungsten system gives a PIm and Qo at the same respec-  
tive coverages.  
a s  the (100) plane of bulk thorium. 
thorium by only 0 . 1  eV. 
activation energy for desorption is E = 8.30 t 0.15 eV for low coverages ~ 

(Anderson e t  a1 , 1963 , FFD-TEM). 

14 
2 

The coverage a t  which 8 becorms constant has  the same density 
The values of go differ f rom that of bulk 

F o r  the temperature  range 2203 - 2468OK, the 

- 

Rhodium 

Carbon Monoxide e - The initial heat of adsorption of carbon monoxide is - 
2.0 eV. (Brennan and Hayward, 1965, TFC).  

Oxygen.-The initial heat of adsorption of oxygen is 4.45 eV. (Brennan 
et  a l ,  1960, TFC).  

T ant alum 

The heats of desorption of some of the alkali m e t a l  ions have been 
studied and are  tabulated below along with their respective vibration periods 
(?ol * 



Worker 

cS+ 1.8 10-9 1.65 (Husman, 1965, PP) 

K+ 41.6 x 1 0 - l ~  2.05 (Husman, 1965 , PP) 

Rb' 236 x 1.81 (Husman, 1965, PP) 

Cesium. - The minimum work function of cesium on tantalum was found 
to be 1 e 6 eV and the initial heat of adsorption 2.5 eV. 
1965, F E M ) .  

(Gorbatyi and Ryabchenko , 

Carbon. - Carbon,  once deposited on tantalum, cannot be removed by high- 
temperature t rea tment ,  as  in  the case  of tungsten. 
microscopy techniques low-carbon contamination causes  (334) planes to appear 
as  dark a r e a s ,  just as  for carbon on tungsten. 
of 950°K, platelets 
the emit ter  s ingle-crystal  t ip.  
tion p rocess  is 2.3 eV. (Klein and Leder 1963, F E M ) .  

F rom field electron 

At temperatures  in the region 
presumably TaC, form and migra te  to the (1 11) zones of 

The energy of activation of th is  surface mig ra -  

Carbon Monoxide -Adsorbed carbon monoxide shows three  s ta tes  of binding 
on tantalum. 
with no observable surface migrat ion;  bonding with the surface is of the 
van der  Waals type 
sorbed above 650°K. 
the oxygen-on-tantalum field electron emission pattern e 

involving the second adsorbed state occurs  with an activation energy of 1.7 eV. 
The work function of a carbon monoxide-covered tantalum surface , obtained 
by spreading the carbon monoxide on a shadowed tip a t  40 K ,  is 0 .8  eV 
greater  than that of the corresponding clean tantalum, 
desorption yields a value of 0.17 eV for the desorption energy which is con- 
siderably higher than the heat of vaporization of carbon monoxide , 0 * 06 e V ,  
so that some interaction with the tantalum occurs .  (Klein and Leder , 1963 , 
F E M )  The initial heat of adsorption of carbon monoxide is 5 85 eV. (Brennan 
and Hayward, 1965 TFC) e 

The weakest of these is desorbed at temperatures  above 125OK 

This i s  in contrast  with the second state , which is de-  

Surface migration 
The third state is dissociated before desorption to give 

0 

The f i r s t  state of 

Oxygen. - The initial heat  of adsorption of oxygen i's 9 . 2  eV. (Brennan et a l ,  
1960, TFC).  
ra ised its work function by 0 .1  e V .  
plane is 4.74 t 0.02 eV. 
mated to be  Or24 t 0.04 eV. 

Adsorption of oxygen on a (110) face of a tantalum single c rys ta l  
The work function of the c lean (110) 

The activation energy for oxide growth was es t i -  
(Boggio and Farnsworth ,  1964, LEED). - 
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Tungsten 

Barium. - The initial heat of adsorption was given as 3.6 eV 
and Allison, 1955, RT) ,4 .68  eV (Zingerman, e t  a l ,  1961, TEM), and 4.7 eV 
(Gavrilyuk and Medvedev, 1963, SP-FFD) . 

(Moore 

Upon adsorption of bar ium,  the work function change a t  room tempera-  
ture is - 2  ~ 5 eV and then increases  with further coverage to a final A@ 
of -1.9 eV. (Zingerman, e t  a l ,  1961, TEM). 

Field desorption of barium occurs  at about 100 MV/cm. (Muller , 1956, 
FEM-FD).  

It w a s  found that adsorption seems  to be polar but not ionic and that de-  
sorption of B a t +  occurs  under the conditions of field desorption experiments. 
If this  interpretation is cor rec t  , ant60 a for the polarizability of adsorbed 
Ba which is close to the value for the f ree  atom. It was found that positive 
fields have m o r e  effect on the activation energy and preexponential t e r m  of 
the diffusion coefficient than negative ones e While a 1 / 2  a F2 dependence of 
the activation energy i s  compatible with the limited data for negative f ields,  
no simple behaviour w a s  found for  positive ones ,  the activation energy going 
through a minimum of 0 , accompanied by a dras t ic  reduction in preexponential 
t e r m .  Values for the ze ro  heat of adsorption were  obtained over a wide cover-  
age interval  and agree  w e l l  with those of Moore and Allison , (above), where 
overlap occurs .  (Utsugi and Gomer 1962a, FEM-FD) e 

The electron desorption c ro s s  section for barium was found to be < 
2 x cm2.  (Menzel and Gomer ,  1964, FEM-EID). The minimum work 
function of barium on tungsten was found to be 2 1 e V .  
Sokol' skaya 

(Zubenko and 
196 1 , FEM) e 

BaAu5,-The minimum work function of several  Payers w a s  found to be 
3.3 eV. (Zubenko and Sokol'skaya, 1961, F E M ) .  

Barium Oxide. -The field desorption of BaO occurs  a s  BaO' within the 
80 - 400°K range and as  BaO" within the 500 -lOOO°K range.  
field-desorbed from W in the form of singly-charged ions over the 80 - 300°K 
and 1000 - 1200°K regions ,  and as doubly-charged ions a t  300 - 1000°K. 
(Naumovets, 1963 , FEM-FD) 

Barium is 

Beryllium. -The adsorption of beryllium does not affect the work function 
of tungsten; presumably,  because i t  has the s ame  work function as  tungsten. 
(Zingerman e t  a l ,  1961, TEM). 

Calcium. -Adsorption of calcium lower s the wo rk function by 1.9 eV a t  
5 x l o i 4  a toms/cm2 and then r a i s e s  it to A@ = -1.7 at a full coverage of 
8 x 10 a toms/cm2.  (Zingerman,  e t  a l ,  1961, TEM). 14 
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Cesium - The initial heat of desorption and the respective vibration 
period for  cesium ions from tungsten has been determined by several  workers  
and the resul ts  a r e  given as follows: 

Ep(eV1 

1.91 

2.04 

2.73 

1.95 

A minimum work 
(Taylor and Langmiur 

-1 7 ( secs  
0 

Worker 

- - - - - - - - - - -  (Taylor  and Langmuir 1933 F F D )  

1.1 x 10 ($cheer and F ine ,  1962b ,PB) 

2.4 x 10 ( Taylor 2 1964a &D) 

1.77 x (Husman,  1965, PP) 

- 12  

- 15 

function of cesium on tungsten w a s  found to be 1.70 eV 
, 1933, F F D )  ,and 1.5 eV (Swanson , et a l ,  1964a2 F E M ) .  

T4 
The field electron emission resul ts  for neutral  desorption agree  extreme1 

well with the data of Taylor and Langmuir in the coverage range 0 to 1.4 x 10 
a toms /cm2 ,  but fall below the heats of these authors a t  higher coverages.  The 
combination of neutral  and ionic heats yields a value of QI = 5 .3  eV for the ze ro  
coverage work function of the regions from which ionic desorption occurs .  
The phenomenon of phase segregation observed by Taylor and Langmuir a t  
very low coverages under steady-state conditions can be shown to be a kinetic 
rather than a thermodynamic effect. (Schmidt and Gomer , 1965c F E M )  

At low coverage the field desorption of Cs  f rom tungsten can best  be 
explained on the basis  of a covalent ground state which suggests that an 
electronic transition i s  involved in  the desorption process .  
polarizability of adsorbed Cs  i s  found to be close to that of the f ree  atom. 
The resul ts  were much the same as those found for Ba.  
1962b , F E M  - F D )  e 

factor and activation energy of the surface diffusion coefficient written as 
D = Do exp (-E$/kT) were  found. At temperatures  sufficient to induce 
mobility, an increase  o r  decrease  in cesium coverage in the high field 
region of the emit ter  occurs  with positive o r  negative fields; positive fields 
on the other hand, produce large  variations in  desorption ra tes  due to.field 
desorption. Most of the field effects can be analyzed in t e r m s  of pF and 
1 /2  a F interactions. (Swanson, e t  a l ,  196413, FEM-FD).  

On this bas is  the 

(Utsugi and Gomer,  
Field dependent variations of both the preexponential 

2 

Copper e - The binding energy of copper on tungsten is 3.5 t 0 - 5  eV. 
(Godwin and Lusher 1965, FFD) 
of Cu was followed through changes in the field electron emission pattern 
and average work function of the W field emi t t e r .  
vestigated for single- double-,  and tr iple- layer diffusion, and for successive 
diffusion of one layer of Cu on others  up to four l aye r s .  The negative e lec t r ic  

Adsorption of one to ten atFmic l ayers  

Surface diffusion was in-  
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field used in some of the measurements  was found to decrease  the apparent 
activation energy and the preexponential factor  of the diffusion equation. 
activation energy varied over the tungsten surface a d  increased with atomic 
roughness; 
slowly with increasing coverage as shown in the following table: 

The 

i t  also varied with coverage , decreasing rapidly a t  f i r s t  and then 

2 Ed eV Temperature D (cm / sec )  
Diffusion type Region of Surface ze ro  field range,  OK ?zero field) 

Single layer Average 0.74 t 0.09 
Double layer Average 0.56 T 0.04 

0.43 'T 0.04 Triple layer  Average - 

Second layer  Average 
Third layer Average 
Fourth layer  Average 

0.48 t 0.04 
0.43 7 0.04 
0.39 'T 0.04 - 

Single layer  (0 11) - (  112) 0.48 t 0.04 
Single layer  (001) - vicinal 0.95 0.09 
Single layer  (011) Or35 

Thermal  desorption of 3 l ayers  Cu/W: 

3.82 t - 2 6  - 
(Melmed , 1965b , FEM) . 

548-673 
533 -653 
488-653 

553-673 
553-673 
553-673 

473-573 
523-673 
289-313 

15 13- 16 13 

2 x 
2 x 10-6 
1 x 10-6 

The effect of adsorbed oxygen and nitrogen on the mobility of copper on 
tungsten depends on the relative amounts of gas and copper and on the local 
substrate crystallography,, 
energy for  surface diffusion. 
diffusion of Cu/W, Cu/O/W, and Cu/N2/W a r e  as follows: 
and 1.17 e V  respectively. (Melmed, 1966, FEM). 

Generally stated , they increase  the activation 
The ze ro  field activation energies for surface 

0.87 eV,  1.21 eV,  

Gold. - The observed binding energy of gold on tungsten is 3.6 t 0.5 eV. - 
(Godwin and Lusher , 1965 , FFD) 

Magqqsium. - Adsorption of magnesium lowers the work function by 0.9 e V  
at 7 x l o L y  atoms/crn2 and further adsorption to 12 x 1014 a toms /cm2  causes  - 
A@ to change to -0.75 eV. (Zingerman, e t  al ,  1961, TEM). 

Potassium e -The $ vs  curve ,  representing average values of 8 and 0 
14 over a field emission t i p ,  has  a minimum of 1.78 eV at 5 = 0.83 

a tom/cm2 which coincides with the minimum @ on the (1  10) planes and approaches 
the work function of potassium at  5 = 2 3 .  Distinct minima a lso  occur for  other 

2 = 3.2 x 10 

close-packed planes,  like the (211). At 5 = 1 ,  6- = 3.9 x 1014 a tom/cm 2 , 
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- 0 = 1.95 eV the emission pattern is indistinguishable from that of clean tung- 
sten. 
charges a t  8 = 0.8.  
packed W planes a t  low coverage m a y  be considerably higher. 
energy of neutra l  desorption var ies  from 2.67 to 2.4 eV over the interval  
0 cz<O .4 and falls rapidly at higher coverage approaching the heat of sub- 
limation of K ,  1 .O eV, a t  0 1 . O .  
w a s  measured  over the interval  O e c S O  .07 , and indicates that ionic desorp-  
tion occurs  from regions of PI = 5.3 eV. 
suggesting that the K-atom density exceeds the average by a factor of 3 o r  
m o r e  
activation energy of surface diffusion w a s  measured  as a function of 0 .  Ed 
and the preexponential t e r m  of the diffusion coefficient increased with in 
the range 0 < 8 5 0 . 6 - 0 . 7 ,  Ed r is ing f rom 0.3 eV at 5 = 0 to 0 .8  eV at ?i = 0.6.  
This was tentatively explained in  t e r m s  of activated hopping into the almost  
empty second l a y e r ,  followed by rapid diffusion terminated by recombination 
of the excited atom with a hole in the first l ayer .  At 0 = 0 . 8  - 1.0 ,  Ed falls 
sharply ,  corresponding to diffusion in the second layer e It was suggested 
that K adsorption s i tes  a r e  relatively weakly s t ructure  dependent , so that a 
displacement of atoms f rom the initially occupied, optimal s i tes  occurs  at 
0 7 0 . 4  in o rder  to accommodate m o r e  adsorbate in direct  contact with the 
substrate.  
model based on delocalized bonding , i D e  , metall ic  adsorption. (Schmidt 
and Gomer 1965a, F E M )  

The average charge per  K atom var ies  from 0.27 at low 0 to 0.2 electron 
The value of the average charge per  K atom on the close-  

The activation 

The activation energy of ionic desorption 

On these regions d @ / d z  is very  high, 

The and that adsorption on these regions m a y  be near ly  ionic a t  low 0 .  

The experimental resul ts  were  shown to be consistent with a 

t 

vibration period 2 . 3  x secs .  (Husman 1965, PP). 
The binding energy of K on tungsten w a s  found to be 2 . 2 2  eV and the 

The resul ts  of experiments on field desorption of potassium from tungsten 
with no migration m a y  be reasonably interpreted on the bas is  of the theory 
that the ions evaporate through a Schottky ba r r i e r  , which at ze ro  field yields 
Ep = 2.6 eV, ?) cv 10l2  sec -1-  The l ineari ty observed experimentally in the 
7/.jjrd = f(T) curve indicates that the forces binding the potassium ion with 

the (110) face of W m a y  be regarded a s  electrostat ic  image forces up to a 
distance from the surface given by x = 1 /2-F- 3 %. 
ra te  of K atoms over W is very  strongly dependent on the magnitude and 
direction of the electr ic  field. 
and tungsten, which shows up a s  a reduction in  work function a t  constant 
coverage , i s  s trongest  at (1 10) faces 

The surface diffusion 

The dipole moment between adsorbed K atoms 

(Haumovets , 1964 , FEM). 

Potassium Chloride. - Thermal  activation of potassium chloride on tung- 

Data were 
sten at approximately 500°K resul ts  in the desorption of potassium leaving 
a tungsten chloride (WC1,) layer which is stable to about 110O0K. 
interpreted as showing that potassium chloride in the presence of tungsten 
at room temperature  forms a WClK with the K-C1 bond being the weakest. 
It w a s  shown by field electron emission techniques that potassium chloride 
on tungsten and chlorine on tungsten demonstrate identical propert ies in the 
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0 temperature  range 1100 -190DOK. Limiting processes  above llOO°K were 
believed to be the formation and subsequent desorption of tungsten chloride 
and atomic chlorine. The heats  of desorption and work function were  found 
as follows: In the range of 475-600°K, E = 0.43 to 3.09 eV and 0 = 2.3 to 
5.3 eV; 
in the range 1700°-18840K, E = 3.56 t 0.70 e V a n d  4 = 4.6 to 4.5 eV. 
behavior of chlorine on tungsten was shown to be similar to that of oxygen on 
tungsten in the temperature  range studied. 

in the range 1100°-14000K, E = 3.22 t 0.65 eV and @ = 5.3  to 4.6 eV;  
The 

(Silver and W i t t e  , 1963, FEM)  . 
Potassium and Hydrogen. -h(Iolecular hydrogen does not appear to be 

chemisorbed on potassium a t  low temperatures  
probably by the formation of a hydride s t ructure  with K atoms outermost  from 
the surface.  
work function over that caused by potassium alone,  and increases  the temper-  
a ture  range required for potassium surface diffusion on tungsten. These facts  
a r e  explained in t e r m s  of a surface complex WHK in which H is negatively 
charged relative to I(. 

Atomic hydrogen in te rac t s ,  

The coadsorption of H and K on tungsten causes  a decrease  in 

(Schmidt and Comer , 1965 , F E M )  

Rubidium e - The binding energy and vibrational period of rubidium atoms 
w a s  found'to be 2.60 t 0 .1  eV and 2.5 x sec .  (Hughes, 1959, PB) and 
2.07 eV and 3 .4  x lo--'' s ec  (Husman, 1965, PP) respectively. The bind- 
ing energy of R b t  is 1.90 t 0.05 eV and the vibration period is 3.5 x 10- l2sec  
(Hughes and Levinstein 1759 , PB) 

Sodium. - It w a s  shown that for smal l  coverages adsorption of sodium 
lowers the work function, 9, of all planes of tungsten, 
greates t  lowering of @ by sodium was observed on the (110) faces.  
related to the higher concentration of sodium on this  face ,  and to the initially 
high work function of the face.  

The most  abrupt and 
which is 

(Shrednick and Snezhke , 1964, F E M ) .  

Measurements were made of the work function a s  a function of coverage 
A curve was calculated for the mean  heat of evaporation. 

The ze ro  coverage heat of ad-  

and temperature .  
Field desorption measurements  made it possible to obtain an  independent 
value for the heat of adsorption in this stage. 
sorption w a s  found to be 2 .4  eV and the minimum work function w a s  w 1 . 9  eV. 
(Shrednik and Snezekbo, 1964, F E M ) .  
is 2.33 e V  and the vibration period is 6.3 x 

The binding energy for ionic desorption 
s ec ,  (Husman, 1965, PP). 

Strontium, -A study of the migration of S r  on W by field electron emission 
techniques revealed two modes .  
observed.  
and the activation energy for the second mode was found to be 1.44 t 0.08-eV. 
(Barnaby,  e t  a l ,  1964 , F E M )  

In the f i r s t  mode ,  for 8 3 1  , no boundary is 
The activation energy for  the first mode was found to be 0.79 t 0.06 eV 

- 

The activation energy for the thermal  desorption of S r  f rom W falls from 

The 
4.21 t 0.22 eV a t  ze ro  S r  coverage to 1.78 t 0.13 eV a t  "monolayer" coverage. 
The Latter value approaches the heat of sublimation of bulk Sr  (1 e 69 eV) 
desorption energies found using field electron emission techniques deviate 
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markedly from the extrapolated thermionic resu l t s  of Moore and Allison 
(near)  8 = 0 and for 8 > 0 e 5 
the activation energy for desorption and the logarithm of the preexponential 
factor in the ra te  equation. (Madey, et a1 1965a F E M )  a 

A linear relationship was found to exist between 

The ener y of desorption is 3.56 eV. The monolayer surface coverage 
is 4.89 x 1O1'atom/cm2 and the monolayer work function i q 2 . 2  eV. (Moore 
and Allison, 1955 RT) .  
a s  
a tom/cm2.  (Zingerman et a1 , 1961 , TEM) 

A study of work function vs coverage gives Aqm 
-2.1 eV a t  4 x 1014 a tom/cm2 with a final A8 of -1.8 eV at 8 x 1014 

Strontium Oxide e - Reactions take place on the (1 11) and (100) which have 
high concentrations of four neares t  neighbor surface atoms * 
evidence was given for the dissociation of SrO and migration of S r  to the (1 10) 
edges where c lus te r s  of crystal l i tes  are formed. Two modifications of field 
emission patterns associated with the ( S r - 0 - W )  complex within 1150- 1550OK 
were  tentatively identified with the basic and normal  tungstate; apparently 
the f i r s t  goes over to the second with a n  activation energy of 2 . 6  eV as de- 
termined f rom desorption data ,  
Nordheim work function to (2 .6  eV) occurs  during this  reaction. ' In the la ter  
stages of desorption above 1550°K patterns identifiable with an oxygen-tungsten 
surface were  obtained. 
energy of - 6.1 eV. (Gape and Coomes,  1960, F E M ) .  

Below 1 150°K 

An unusually sharp  decrease  in Fowler-  

Desorption a t  this stage takes place with an activation 

Thorium e -Field desorption of thorium occurs  in the 200 MV/cm range,  
(Muller , 1956, F E M - F D ) .  The (111) planes have the strongest adsorbing 
force for  thorium atoms and m o r e  than a monoatomic layer i s  formed on the 
plane. 
current  from a (111) plane has  a maximum value (goes through a minimum 
work function) while the current  from a (21 1) plane changes monotonically 
(no minimum in work function)., This phenomena w a s  explained by a balance 
between the qiffusion of thorium atoms from the interior  of tungsten and the 
evaporation of thorium from the surface .  
(1 11) planes is about 2 e 7 eV,  but the lowest value of the average work function 
is 2 - 9  eV. 
and the desorption energy were  measured  and found to be 2 .8  and 7 .4  eV 
respectively. (Sugata and Kim , 1961 , F E M ) .  

The ( 2  11) planes have the weakest adsorbing force.  The field emission 

The lowest work function of the 

The surface diffusion energy of Th-atoms along the tungsten surface 

The minimum work function of thorium on tungsten w a s  found to be 3 .0  eV 
by field emission techniques and 3 3 1 t 0.02 eV by the Richardson method e 

(Zubenko and SokolP skaya , 196 1 FEMY, 

A study of the (1 10) and (41 1 )  planes showed that the work function goes 
2 through a minimum for both planes at a covera e of 4.2 x 1014 a tom/cm . 

initial work function of 4. 52 eV, a minimum of 3.35 eV.. The (411) plane has  
The monolayer coverage i s  9 x 1014 a toms /cm 2 The (100) plane has  an 
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an: initial work function of 4.41 eV, a minimum of 3.05 eV and a final value 
of 3.35 eV. (Es t rup ,  et a l ,  1966, LEED). 

Titanium -It was shown that upon adsorption of titanium the work function 
varies monotonically. 
ca rbide is 1 ower than f rom tungsten, while the heat of vaporization is approx- 
imately the same. (Zubenko , 1963 FEM) , 

The ra te  of vaporization of titanium from tungsten 

Zirconium. - Both electron and ion (deuteron and proton) field emission 
patterns were observed.  
markedly  on the (100) plane. It was shown by best  image ion voltage measu re -  
ments  that Z r  on W roughens the surface around the (100) plane thereby chang- 
ing the field factor 
The work function for a monolayer of Z r  on W was found to be 2 .62  eV which 
falls to 2 2 eV a s  m o r e  Z r  is added. 
field fac tor  change 
sphere fit of Z r  atoms (3.16 2 diameter)  on the (100) planes of W (3.16 8. 
lattice const . ) .  (Shrednik 196 1 , FEM-FIM) 

It w a s  found that zirconium lowers the work function 

especially for high concentrations of Z r  (>monolayer) .  

The la t ter  lowering is attributed to a 
A (100) plane adherence is postulated by means  of a hard 

Argon.-It was found that a work function decrease  of 0.80 eV occurs  for 
a saturated monolayer when measured  at 4.2OK. 
is mos t  pronounced near  the (100)face 
It appears  that dipole-dipole repulsions suffice to make the first l ayers  gas-  
like. (Gomer p 1958b, F E M ) .  

The work function change 
Multilayer adsorption a lso  occurs  e 

Adsorption lowers the work function by 0.87 eV for A a t  2O0K. Binding 
to the surface i s  s t ructure  sensitive- -it is strongest around the (100) poles 
in the vicinity of the (1 16) and (130) planes and weakest a t  the (1 11) , as 
observed in field electron emission patterns This sequence of binding 
energies corresponds to that calculated for different lattice s i tes  on the 
assumption of dispersion forces .  
by adsorption w a s  interpreted as a polarization of the g a s  a toms by the dipole 
layer of the meta l  surface;  formally,  the interactions a t  a meta l  resemble 
those of the r a r e  gases  adsorbed on ionic crys ta ls .  
adatoms and the antiparal lel  field applied for electron emission increases  
the f ree  energy of the adlayer , bringing about rearrangements  part icularly 
important for adsorbed argon.  
emission with temperature  yield a value of 0.04 eV for the diffusion of argon 
over the (310) toward the (100). 

The lowering of the work function caused 

Interaction of polarized 

Observations of changes in field electron 

(Ehrl ich and Hudda, 1959, FEM). 

Bromine.  - A t  low bromine coverages , 8 decreases  to a minimum of 
4.1 t 0.1 eV corresponding to a A8 change of -0.4 e V,  accompanied by a 
60 times reduction in  emitting a r e a  
atoms below the effective surface plane. 
(5 x 
tungsten. (Duel1 and Moss  1965 FEM). 

ascr ibed to the penetration of bromine 
Extended exposure to bromine 

t o r r )  vapor produces a constant A@ of 1 e 0 eV with respect  to clean 
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Carbon Monoxide. -Adsorption of carbon monoxide has been studied using 
various t ech iques .  
techniques and a summary  of the data is given in the following table: 

The m o r e  recent  data has employed ultrahigh vacuum 

Desorption Energies lev 
eV '300°K 6300°K a p1 p2 p3 
NJ Worker 

2 .3  (Klein, 1959 , F E M )  
0.85 0.2 7 .4  x 10 l4  1.26 2.56 3.02 3.28 .(Redhead, 1961 ,FFQ 

0.49 9.5 x 1014 0.87 3.26 4.35 (Ehr l i ch ,  1961b, F F D )  
2.3 3 .3  4.3 -( Ehrl ich ,  1962 , I; EM) 

0.87 2 .26  3.04 4.35 .(Rootsaert ,  e t  a l ,  
1962, F E M )  

Medvedev, 1963 FFD) 
0.85 0.50 4.5 x 1014 0.91 2 . 7 0  4.00 .(Gavrilyuk and 

0.48 5 . 8 ~  1014 1.0 2.74 3.35 3.9 .(Rigby, 1964, F F D )  
1.0 2 .6  .(May and Germer  

1966, LEED) 

The desorption kinetics indicate that adsorption is nondissociative and 
can be quite complex. 
a phase and the gas phase and a lso  between the a phase and the p phase. 
1964, F F D )  
at leas t  three  substates each with different desorption energies ,  
occurs  on (411), (310) and (210) faces ,  the p2  state occurs  on (111) and other 
faces and the p3 occurs  on the (111) zones.  
The complexities of the sys tem a r e  even m o r e  pronounced at low tempera-  
tu res  , with the appearance of a nonreversible state called the "virgin layer" . 
This layer  appears  upon adsorption at low temperature  (20°K) and increases  
the work function to 5.6 eV, indicating a negative dipole moment.  This layer 
appeared to desorb, and convert to the recognized a and p s ta tes  upon heating 
above 170°K, but further readsorption does not r e s to r e  the previously obtained 
high work function This character is t ic  was interpreted by recognizing the 
fact that the a state demonstra tes  a positive dipole moment and the p state is 
characterized by a negative dipole moment , so that af ter  heating the "virgin 
layer"  to 170°K 
by the negative dipole but instead i s  the resu l t  of depositing more  of the a 
CO on top of the p e The relative 
abundance, relative dipole moments  , and absolute sticking coefficients of 
virgin,  a and p CO adsorbed on tungsten have been determined by a combi- 
nation of work function vs  coverage measurements  with step-desorption spect ra  

0.68; Pp/pvir in = 0.68 for the ini t ial ,  and pp/pvirgin - - 1.0 for the terminal  
portion of the $ l ayer .  The relat ive abundances were total p/total virgin = 0 e 55; 
(virgin converted to F)/@ f rom virgin conversion) = 2 11 a l to ta l  p = 1 a 2 II 

At room tempera ture ,  t r ans fe r  takes place between the 

Fur ther  complexities involve the p state which is a composite of 
(Rigby, 

The p i  state 

(Rootsaer t ,  et  a l ,  1962, FEM). 

redosing cannot r e s to r e  the initial conditions represented 

(Swanson and Gomer , 1963 , F E M  -FD) . 

and sticking coefficient measurements .  The dipole rat ios were  pa /pvirgin - - 
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Initial sticking coefficients are close to unity up to 700°K and decrease  rapidly 
at coverages {relative to the maximum amount of adsorbate retained at that 
temperature)  of 0 .6  - 0.4. (Bell and Gomer,  1966, F E M - F F D ) .  It was found 

2 
that the binding modes  of GO could be distinguished and confirmed by their  
differing electron desorption c r o s s  sections which a r e  Qvir in- - 3 x 10-19 cm , 
Qvirgin to p= 10-19cm2,  Q, = 3 x 10-l8cm2 for 80 volt elec f rons.  Evidence 
for  thermal  conversion of virgin states to both (3 and a s ta tes  w a s  obtained. 
Electrons a lso  seemed to convert virgin t o  p s ta tes .  In addition to desorption 
dissociation with carbon formation occurred.  
tion w a s  est imated to be between 0.5 and 0 .1  , and seems  to be leas t  for a and 
greates t  for p desorption. The resul ts  on carbon formation showed that a large  
fraction of GO in the a and virgin modes i s  adsorbed with the C end of the mole-  
cule bonded to the subst ra te .  (Menzel and Gomer ,  1964b, F E M- E I D ) .  

The rat io of dissociation to desorp-  

General  agreement with the theory of field de so rd ion  s eems  to hold for 
the GO-W system and could be confirmed,  in pa r t i cu la r ,  for the energetics 
of desorption and for adsorbate tunneling. The general  reasonableness of 
the potential curves and that of the GO-W spacings obtained indicates that 
the ion-metal interaction can be expressed by an image potential to distances 
of the o rde r  of 2 8. (Swanson and Gomer ,  1963 FEM-FD) e 

Carbon Dioxide. -Heating of a field emission t ip part ly covered with GO2 - 
to 4 0 0 - 6 s K  resulted in the surface diffusion of oxygen onto the initially clean 
portions of the emi t te r .  750°K resulted in the diffusion 
of another substance with an  activation energy of 2.18 t , 2 2  eV. The tempera-  
tu re  change and pattern appearance made it very  proba3le that this w a s  CO. 
These resu l t s  suggested that GO2 is dissociated into GO and 0 on a tungsten 
surface  e 

f rom the change in work function of the initially clean portion of the emit ter  
after oxygen diffusion. 
at 300°K corresponds to a coverage of 0.19,  this  indicates that dissociation 
is a lmost  complete at , o r  possibly below 
that a smal l  fraction of undissociated, loosely chemisorbed CO, exis ts  a t  
high coverage andlow tempera ture ,  (below 600 K) e 

dissociation products , presumably G O ,  occurs  near  1000°K. 
1000°K leads to the formation of the typical oxide patterns which result  f rom 
the heating of W emi t te r s  with small initial oxygen deposits.  
doses of GO2 were deposited on a cold emit ter  
sharp  moving boundary, at 60-70°K. 
physically adsorbed gas on top of the fir s t  layer with precipitation at i t s  edge 
The activation energy of diffusion of physically adsorbed C 0 2  was estimated 
a s  0.10 eV from the ra te  of this p rocess .  
was found to be 0.24 eV from the maximum diffusion distance of constant GO2 
doses a t  various t empera tures .  
chemisorption coverage is 1.0 eV. 
adsorbed layer  decreases  this  by 0.4-0.5 eV, 

Fur ther  heating to 

The oxygen coverage before diffusion could be estimated as 0.15 

Since the maximum GO2 uptake on evaporated W films 

60OOK. There w a s  an indication 

Some desorption of the 0 

Heating above 

When large  
migration occured with a 

This corresponds to the diffusion of 

The heat of binding in this  layer 

The work function increase  a t  maximum 
The presence of a second,  physically 

(Hayward and Gomer ,  1959,FEM). 
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Germanium. -At least two types of migration have been observed. Low- 
temperature  migration which occurs  , start ing at room temperature ,  with an 
activation energy of 0 2 eV is related to a mechanism in  which the only mobile 
a toms a r e  those in the second, physically adsorbed layer  
second type which occurs  start ing a t  T= 800°K, with energies of 1.24 and 
1.7 eV is participated in  by the atoms in the chemisorbed l aye r ,  An analysis 
of the volt-ampere character is t ics  of the field-emission current  , the emission 
pat terns  , and the nature of the migrat ion,  led to the conclusion that the resul t  
of the low-temperature migration is to produce germanium layers  having semi- 
conducting proper t ies  , while the layers  resulting f rom high-temperature migra- 
tion a r e  not continuous, and the electron-emitting pa r t s  of the l aye r s  a r e  spots 
of pure  tungsten. (Sokol'skaya and Mileshkina, 1964, F E M )  

Migration of the 

Hydrogen -Hydrogen adsorbs  with an  initial sticking probability of approxi- 
mately  0 e 2 and the work function r i s e s  to 5 a 0 e V  as the surface concentration 
reaches  i t s  room temperature  maximum of 7 . 5  t 1 . O  x 1014 mole /cm2.  Two 
adsorption peaks were  found a t  1 100°K and 18OOEK with an  energy difference 
of 0 . 5  e V .  (Einsinger ,  1958, FFD). 

A sticking probability of 0.1 is given by Hickmott and two distinct s ta tes  
a r e  isolated. At a coverage of l e s s  than 3 x 1013 mole /cm2 a p state was 
observed which obeys second o rde r  kinetics and has  a n  activation energy for 
desorption of 1.35 eV. 
to the formation of a molecular a s ta te .  The concentration in  the a state is 
proportional to p r e s s u r e ,  
energy of 2 .9  eV. (Hickmott , 1960 , FFD). 

At higher coverages the energy lowers ,  probably due 

Above 1 100°K , atoms evaporate with an activation 

Russion workers  found two p s ta tes  which obey second order  kinetics with 
activation energies of 0.61 eV t 0.06 and 1.48 eV t 0.07.  
FFD) 

(Ageev, et a l ,  1964, - - 

Ricca ,  et a l ,  reported th ree  pa i r s  of s ta tes  f rom desorption spec t ra ,  Of 
the six observed peaks , two (y  t yz) occur in the temperature  range 77-90°K. 
The a s ta tes  ( a l  and a2)  occur between19OCand 300 K ,  and the /3 states ( p l  and 
p2) occur in  the region 300 to 600°K. 
filled before the p1 state is significantly populated. (Ricca et a l ,  1965 , FFD) . 

0 

The (32 state appears  to be practically 

Rigby reported two f3 s ta tes  with first o rde r  kinetics a t  1 10 eV and 1.26 eV 
(Rigby, 1965b, F F D ) .  and a third p state with second order  kinetics at 1.22 eV. 

Four chemisorbed complexes were identified for hydrogen by Root saer t  , 
et al .  
surface a toms contacted simultaneously and with their  degree of unsaturation. 
At low over-al l  coverage the adsorbate is concentrated on the faces with high- 
est heat of adsorption , these faces becoming populated mainly by surface 
migration f rom l e s s  at tractive faces .  
surface migration is severely  r e s t r i c t ed ,  does a uniform distribution of the 
adsorbate over the c rys ta l  faces resu l t .  

The bond strengths on individual s i tes  cor re la te  with the number of 

Only a t  very  low tempera ture ,  where 

The heat  of adsorption on the (2  11) 
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faces w a s  found to be 2.0 eV. 
were  found with the following temperature  dependence: 

On the overal l  t ip ,  four s ta tes  of adsorption 

T OK E .  

Z 280 0.87-2.0 eV 
220-280 0-65-0.87 eV 
120-200 0.35-0.61 eV 
< 120 0.26-0.43 eV 
(Rootsaert , et  a l ,  1962,  FEM) 

increase  in work function, 
decrease  in work function, 
increase  in work function, 
physisorbed state e 

It w a s  found by Gomer , et a l ,  that spreading of hydrogen on tungsten occurs  
in th ree  distinct phases ,  At very  high initial coverages a moving boundary 
migration occurs  below 20°K, corresponding to migration of physically ad-  
sorbed H2 on top of the chemisorbed layer .  
fur ther  migration over  the newly-covered region. 
sponding to, 1 monolayer,  spreading se t s  in at-180°K with a boundary 
moving radial ly outward f rom the close -packed (1 10) faces The 'activation 
energy of this  p rocess  is- 0.26 eV and corresponds to migration over the 
smooth (close packed) regions of the tip followed by precipitation of chemi- 
sorbate at t r a p  s i tes  on the rough regions,  At coverages too low to permit  
saturation of t r a p s ,  diffusion out of the la t ter  becomes ra te  controlling so 
that boundary-free diffusion with Ed-O. 41 eV and at even lower coverages 
with Ed-  0.69 eV is observed.  The heat of adsorption of H2 a t  extremely 
low coverage was found to be 2.78 eV but drops rapidly with increasing 
coverage.  These  resu l t s  lead to the conclusion that surface heterogeneity 
is largely  the resul t  of surface topography and is inherent on a l l  but the close-  
packed faces of W.  The activation energies for diffusion were  found to be 
10 to 20% of the binding energy,  depending on the nature of the s i tes .  It was 
a lso  seen f rom the low - temperature spreading that -75% of the chemisorbed 
layer  can be formed below 20°K with effectively ze ro  activation energy.  
(Gomer ,  e t  a l ,  1957, FEM).  

Precipitation a t  i t s  edge,  and 
F o r  initial deposits co r r e -  

Electron induced desorption c r o s s  sections Q were  determined f rom 
work function and Fowler -Nordheim preexponential changes and are signifi- 
cantly smaller than would be expected for  comparable molecular  p rocesses  
Qh = 3.5 X 10- 2o cm2 and 5 x cm2 for p rocesses  tentatively interpreted 
as the splitting of molecularly adsorbed H2 and desorption of H ,  respectively. 
These resu l t s  were  interpreted in t e r m s  of transi t ions f rom the adsorbed 
ground state to repulsive portion of excited s t a t e s ,  followed by de-exciting 
transi t ions which prevent desorption It w a s  argued that he excitation 
c r o s s  sections should be essential ly "normal" i .e .  10- 1k to 1 0 - l ~  c m 2 ,  
and that the much  smaller over-al l  c r o s s  sections observed are due to high 
transition probabilities to the ground state , estimated as 1014 to 1015 sec- ' .  
(Menzel and Gomer , 1964a , FEM-EID). 
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In conclusion, the energetics of the tungsten hydrogen system do not appear 
to be w e l l  resolved. 

Single c rys ta l  studies of sticking probabilities and work function as hydrogen 
adsorbs  on tungsten have been studied(Armstrong, 1966 , LEED) and are given 
in the following table: 

Plane W( 100) W(211) W(111) W( 110) 

0.88 0.65 0.15 - - -  

0 .1  0.3 4/ 0 . 0 1  

Aqm 

0 
S 

Iodine - It is  believed that the triangular" s i tes  which occur on the (1  11) 
(Moss and Kimball,  1960, F E M ) .  planes a r e  favorable for iodine adsorption.  

Extended exposure to Iodine (5 x l o m 9  to r r )  vapour produces a constant 
A0 inc rease  of 0 .4  eV with respect  to clean tungsten 
desorption is sensitive to surface topography adsorbing on the (1331, (122), 
(233) planes and in the region of the (124) planes on heating. 
1965, F E M ) .  

Iodine adsorption/ 

(Duel1 and Moss , 

Krypton. - Adsorption lowers the work function by 1 18 eV for K r  a t  20°K. 
Binding to the surface is s t ructure  sensitive and resembles  argon.  
vations of changes in field electron emission with temperature  yield an  
activation energy for  surface diffusion of Kr  over  the (310) toward the (100) of 

Obser-  

>0.048 eV. (Ehrl ich and Hudda, 1959, FEM).  

Neon. -It w a s  found that a work function decrease  of 0.15 eV occurs  for 
It i s  believed that dipole- saturated monolayers 

dipole repulsions are very small and do not necessar i ly  make the first l ayers  
gas- l ike.  (Gomer ,  195813, F E M ) .  

when measured  at 4.Z°K. 

Nitrogen. - Three s ta tes  of adsorption were observed by 1961, a y state 
with an  energy of ~ 0 . 3 9  eV,  an  a state with a n  energy of-0.87 eV 
and a (3 state with an  energy 0 f - 3 ~ 5  eV. 
andHudda ,  1961, FEM),  (Ehr l ich ,  e t  a l ,  1958a, FEM-FFD).  

(Ehrl ich,  1961a, F F D ) ,  (Ehrlich 

The p state obeys second o r d e r  kinetics a t  low coverages.  At higher 
coverages , the p2 peak spli ts  and a second peak,  p1 was found which obeys 
f i r s t  o r d e r  kinetics and has  an activation energy for desorption slightly 
lower t h a n  the p2 peak. 
but a t  higher cove rages ,  i t  m a y  be difficult to distinguish the desorption of 
two adjacent atomically bound atoms f rom molecular  desorption using the 
kinetic behavior alone e 

The p state is believed to be atomically bound, 

M a s s  spect rometr ic  evidence using isotopes showe d 



that the small a phase was molecular  and the p phase atomic.  
F F D )  

(Rigby, 1965a, 

The resul ts  of Rigby were simultaneously confirmed and the y state was 
shown to be molecular  f rom isotopic exchange studies. 
1965 , FFD) 
state in which the work function is lowered. 
This effect w a s  substantiated by Hill and Pethica using f lash filament tech- 
niques. (Hill and Pethica , 1962 , F F D - F E M f  * 

(Yates and Madey, 
Nitrogen r a i s e s  the work function in  all s ta tes  except the y 

(Ehrl ich and Hudda, 1961, FEM).  

A study by Delchar and Ehrl ich combining f lash filament techniques with 
contact potential measurements  on macroscopic planes cut f rom single c rys ta l  
tung sten provided information on the relationship between binding states and 
crys ta l  face. 
lowers 8100 by 0.4 eV. 
on the (1 11) plane and r a i s e  $4 by a total of 0 a 15 eV. At high concentrations , 
a second p s tate w a s  observed on the (1 11) plane The (1 10) is inactive except 
a t  low temperatures  where it fo rms  a y s tate which is atomic and lowers 8 .  
(Delchar and Ehr l ich ,  1965 , FFD) , (Ehrl ich,  1962, FEM-FIM). 
provides evidence of the sensitivity of adsorption to structure and the mult i-  
plicity of s ta tes  on single c rys ta l  planes. 

An atomically bound p s tate fo rms  on the (100) plane which 
Two states , a molecular  a state and a p state , form 

The sticking probability is about 0 .3  to 0.4 and the room temperature  
coverage reported i s  usually f rom 3 to 10 x 1014 rnole/cm2 
in these pa rame te r s  could be due in par t  to experimental uncertainty and the 
variations in the specific nature of the surface used. 

The variation 

Oxygen. - Becker and Brandes observed oxygen adsorption on tungsten 
in the field electron microscope and detected th ree  stages of adsorption. 
The heats  of adsorption were found to be about 5 eV and 2.5 for  two of the 
stages and the third stage consisted of molecular  complexes with the sub- 
s t ra te  e (Becker and Brandes , 1956 s FEM) Gomer and Hulm examined low 
temperature  desorption of oxygen on tungsten and found three  types of mig ra -  
tion. At 
-0  04 eV 
the chemisorbed l a y e r ,  with precipitation on the clean tungsten surfaces 
study yielded an  es t imate  of 0 .1  eV for  the heat of adsorption in the physi- 
sorbed layer 
1 - 0 8  eV were  determined.  It w a s  found that 80% of the chemisorbed layer 
can be formed without appreciable activation at 27OK. (Gomer and Hulm, 
1957 , FEM).  
oxygen on tungsten thin films., (Brennan,  et a l ,  1960, TFC) .  Evidence has  
been presented for  the chemisorption of a monolayer of g a s  with a sticking 
coefficient of unity and the adsorption of a second, initially mobile layer  of 
oxygen, a lso  with a sticking coefficient of unity when the substrate tempera-  
tu re  is 20°K. 
over  the range considered. 

27OK diffusion occurs  wi th  a sharp  boundary and an  activation energy 
which w a s  believed to be migration of physically adsorbed O2 over 

A 

At 400-500°K and high coverages activation energies of 1 0- 

An initial heat of adsorption of 8 .4  eV has  been given for  

The resu l t s  a r e  independent of the degree of surface o rde r  
The second adsorbed layer  is not observed at 



substrate temperatures  of 300°K, and the use of the Langmuir postulate 
that only the clean surface contributes to the adsorption allows the definition 
of a constant sticking coefficient of 0.8 for  oxygen on tungsten a t  300 K .  
(George and Stier  , 1962, F E M- F I M )  
using an in-line mass spectrometer  indicate that oxygen adsorbs  on tungsten 
in two s ta tes  whose energies a r e  6.25 and 4.95 eV. Occupation of the lower 
state begins af ter  the upperstate is filled. 
Desorption cross sec t ions  were found to be 4.5 x cm2 for the loosely 
bound state and 2 x 10- 21 cm2 for all other s ta tes  
1964a, FEM-EID). 

0 

Kinetic rate studies of desorbed species 

(Schissel and Trulson,  1965 ,FFD) 

(Menzel and Gomer , 

Xenon. -Adsorption lowers the work function by 1 38 eV for Xes The 
work function diminishes monotonically with Xe coverage even after  m o r e  
than a single layer  i s  formed. 
s ten .  
desorption of .35 eV for Xe,  as well as the following values for the activa- 
tion energy for surface diffusion: 
and over  the (111) = O.O7dE<O.15 e V .  (Ehrl ich and Hudda, 1959, FEM). 

Binding is believed similar to argon on tung- 
Observations of changes in emission with temperature yield a heat of 

Over the (310) toward the (100) = 0,16 eV 

It was found that work function decreased 1.4 eV for saturated mono- 

Multilayer adsorption also occurs  
l ayers  when measu red  at 4 - 2OK 
nea r  the (100) faces 
dipole-dipole repulsions suffice to make the f i rs t  l ayers  gas-like. 
1958b, FEM) 

Work function changes a r e  mos t  pronounced 
It appears  that 

(Gomer , 

The adsorption of xenon shows a distinct topographic dependence e 

of adsorption for  the (400) plane w e r e  found to be 0.33 eV and 5.22 eV for 
the (11 1) plane a 

Heats 

(Rootsaert  , e t  a l ,  1962, FEM) 
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TASK 11-LITERATURE SEARCH O F  COMPOSITE SURFACE WORK FUNCTION 
A N D T N  AND ATOM DESORPTION MODELS 

OB J EC'TIVE 

The objective of this section of the l i tera ture  sea rch  work is to provide 
a review of existing theoret ical  models which attempt to describe work 
functions o r  ion-neutral desorption energies as a function of surface coverage e 

IN T R ODU C TI ON 

This aspect  of the l i tera ture  sea rch  is divided into four par t s  which deal 
with atom desorption energ ies ,  ion desorption energi-es , work function calcu- 
lations and calculations of potential energies anywhere in front of either a 
complete a r r a y  of d iscre te  ions o r  along a line perpendicular to a single 
substrate vacancy. 
of work functions, especially in the high field situation which occurs  in field 
emission.  
emission from the me ta l  so close to the meta l  that the b a r r i e r  is diminished 
by an amount which is related to the coverage of adsorbate and to the value 
of the applied field. The incomplete a r r a y  resul ts  on the other hand enable 
ion desorption energies to be computed as  a function of coverage. 
energies are usually related to the work function change (A@) due to adsorption 
by means  of the equation f = (-AE ) / (A@) where f is  the ion a r r a y  penetration 
coefficient. 

The complete a r r a y  resul ts  a r e  useful for calculations 

In this  c a s e ,  the applied field cuts the potential b a r r i e r  to electron 

These 

P 

It is felt that none of the work function theories outlined below is sa t is-  
Langmuir 's  theory factory for the complete range of coverage f rom 0 to 1. 

accounts for the work function change up to 0 = 0.5 , but beyond this poor 
agreement  of experiment with theory is obtained. 
nature 
of the other theories presented here .  

In spite of i t s  semiempirical  
Langmuir 's  theory i s  not surpassed in credibility o r  accuracy by any 

Gyftopoulos and Levine's theory of atomic desorption energies ag ree s  
quite well with the experimental  resul ts  and appears  to justify use of the 
analogy between adsorption bonds on the one hand and molecular bonds on 
the other which Gyftopoulos and Levine use to calculate energies in  terms 
of the proper t ies  of the substrate and adsorbate.  

The c lass ica l  d iscre te  element model employed by Barlow and Macdonald, 
is probably the mos t  r igorously constructed model of this type for the calcu- 
lation of ion desorption energies but it suffers  f rom the fact that it offers  no 
clue as to how Z ,  the average charge on the adsorbate e lements ,  var ies  with 
coverage so that the coverage range of its applicability is likely to  be small. 
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F o r  the sake of consistency, we have al tered some of the symbols 
appearing in the papers  reviewed here ;  however , the symbol Y i n s t e a d  of V 
has been retained in one of Barlow and Macdonald' s papers  for purposes of 
clari ty.  

The f i r s t  pa r t  of each discussion below contains a summary of the paper 
reviewed while the second contains a critique of i t .  

FUTURE WORK 

The papers  reviewed here  represent  a c r o s s  section of the theoretical 
papers  which permi t  a comparison between theory and experiment.  
theories of this type w i l l  be reviewed in the next s ix  months.  
offering a m o r e  rigorous 
changes and desorption energies w i l l  be reviewed. 

Fur ther  
Also, papercs 

but m o r e  qualitative description of work function 
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ATOM DESORPTION ENERGIES 

The Wave Mechanics of the Surface Bond in Chemisorption 

By T a B. Grimley 

Review . - Grimley has  elucidated certain qualitative features of chemical 
adsorption by performing simplified wave-mechanical calculations on one- 
dimensional chains of a toms ,  each of which is associated with a single 
orbital  Q(r ,m). 

The f i r s t  par t  of the calculations was concerned with the propert ies  of 
a f ree  surface which in a one-dimensional model is represented by the end 
atom in a finite chain containing N atoms. 
of the end atom differs significantly f rom that of other atoms ( a )  in  the chain 
w i l l  any new electronic propert ies  be introduced. In this case  iffZ\* 1 
Z is given by ( a - a ' ) / 2 p ,  then a single localized state of energy,  outside the 
normal  band of levels associated with the one-dimensional c rys ta l ,  w i l l  
result  e The symbol p is  the resonance integral  between neares t  neighbors 
in the chain. A state X corresponding to 2 =r 1 w i l l  l ie  above the band in 
energy while that corresponding to Z c= - 1 ,  a P state w i l l  l ie  below. 
both of these states w i l l  r ever t  to that of a single orbital Q(r ,m). 

Only if the coulomb integral a' 

where 

As Z+W 

3 If , in the three-dimensional model of a finite c rys ta l  , containing N 
a toms ,  2 is l a rge ,  the single end state of the l inear  model becomes a band 
of s ta tes  , 8P wide, containing N 2  levels: the main  c rys ta l  band being de- 
pleted by the same amount n 

Addition of a foreign atom of Coulomb integral a" to the finite l inear  
chain m a y  resul t  in  separation from the main band of a new localized state.  
Defining Z ,  Z' and? a s  follows: 

a - a' a - a'' P' 
¶ ?  = p P 

2 Z'  = 
P 

z =  

then the two localized s ta tes  m a y  exist in cer ta inregions  of the ZZ' - plane 
obtained from the two hyperbolas 

2 

2 

( Z  t 1) (Z '  t 2) =-q 

(Z - 1) (Z' - 2 )  = 7 )  

In some regions two localized s ta tes  m a y  exist ;  these may  be two P ,  two 
o r  one each of P and ?(states. In other  r e  ions one state only may  exist 
and this can be either P o r x ;  finally, i f  k= 2 a forbidden region occurs  
in which only nonlocalized s ta tes  exist of the perturbing influence 



of the foreign chemisorbed atom to substrate a toms beyond the terminal  one 
leads to the introduction of additional localized s ta tes .  

\ 

Consideration of a three-dimensional model in which perturbation of the 
crys ta l  by the foreign atom extends only over a group-of crys ta l  atoms 
indicates that a set  of localized s ta tes  associated with the foreign atom and 
the groupfimay be formed which have energies outside the normal  c rys ta l  
- and surface bands. The three-dimensiqnal analogue of the one-dimensional 
chain with single chemisorbed atom is a crys ta l  lattice completely covered 
by adsorbate 
neares t  neighbors in the adsorbed layer then the discrete localized levels 
(P a n d H )  of the one-dimensional model now appear as bands of surface states 
and each band m a y  contain N 2  levels e Depending on the values of Z and Z' 
these bands m a y  o r  may  not overlap the normal  band of crys ta l  s ta tes ,  When 
3' # 1 ,  one o r  both bands P and H m a y  be incomplete. Complete surface 
coverage requires  at l eas t  a complete band of those states which lie below 
the main  crys ta l  band in energy so that i f  some of these a r e  missing, less  
than a complete monolayer wi l l  be adsorbed on the crys ta l  surface.  It i s  
suggested by Grimley that this m a y  provide the mechanism for falling heats 
of chemisorption with surface coverage 

If - PI /P I*= 1 where P" i s  the resonance integral between ?:- 

By considering a l inear  chain to which two foreign a toms were attached, 
Grimley w a s  able to investigate the manner in which chemisorbed a toms 
interact  with one another in chemisorbed l ayers .  
formed by interaction of a single atom with a c rys ta l  does not l ie  too far 
below the normal  crys ta l  band, the wave function for  the localized level 
is attenuated only slowly in the crys ta l  so that two chemisorbed atoms can 
interact  a t  distances where the interaction bet ween isolated atoms would 
be negligible. 
points equidistant f rom the end, four wave functions for localized states 
m a y  a r i s e .  These a r e  due to P and H s t a t e s  and may  be even o r  odd in 
the center of symmetry  of the chain. 
the chain gives r i s e  to at l eas t  one P s ta te ,  then two atoms give r i s e  to an  
even state.  
and their energies fall lower a s  the distance between the adsorbed atoms 
decreases :  the reverse  is t rue  for the odd P s ta tes  
the odd P state is miss ing ,  its place being taken by an extra level in the 
nonlocalized c rys ta l  band e 

If the localized level 

F o r  two identical foreign atoms attached to the chain at 

Provided that a single foreign atom on 

Two P s ta tes  for the single atom give r i s e  to two even states 

In certain circumstances 

Falling heats of chemisorption with coverage can be accounted for  in 
t e r m s  of the above concepts: as two atoms adsorbed on the linear chain 
a r e  brought together the individual localized s ta tes  belonging to each atom 
a r e  split into double occupied even and odd s ta tes ,  the lat ter  of which is 
forced higher and higher in energy until it joins the normal  crys ta l  band. 

If the foreign atom is chemisorbed by a one-electron bond only, two 
such chemisorbed atoms should a t t rac t  each other because the even P state 



which is now the only state filled, l i es  below the state for a n  isolated chemi- 
sorbed atom. Separation of these chemisorbed a toms would ra i se  the energy 
of the doubly filled even state.  
may  be involved in the mutual  separation of the atoms formed in dissociative 
chemisorption 

This m a y  explain how an activation energy 

Even though no localized states resul t  when a foreign atom is chemi-  
sorbed,  binding is still of course  possible. 
of a chain of identical atoms i s  : 

The total electronic energy 

It is  assumed that there  is one electron per  atom in the chain, so that the 
band i s  half-filled, p-= 0 and no surface s ta tes  a r e  occupied, On bringing 
up a foreign atom to the f ree  end of the chain and assuming for simplicity 
that p' = p and a = ut  we have a new total system energy: 

The change in  total electronic energy when the foreign atom is chemisorbed 

electron of the isolated foreign atom. 
is given by AE = E n + l  - en - E where E is  the energy of the valence level 

AE = [ a  t($) - E ] .  AE S 

AeS is the difference in the  surface t e r m s  in the above equations. The f i r s t  
t e r m  is the energy associated with the delocalization of the valence electron 
on the foreign atom while the second is the change in surface energy caused 
by the presence of the foreign atom. 
or negative according as  E l i es  below o r  above the mean energy of electrons 
in the normal  band, while AeS is positive according to whether Z' is  grea te r  
or smal ler  than Z. Because of this the two t e r m s  tend to cancel. No further 
information can be gained unless Z or  Z' can be calculated. 

The delocalization energy is positive 

Critique, -The ultimate aim of theoretical  work dealing with adsorbate- 
adsorbent interactions is to predict heats of adsorption and work function 
changes a s  a function of surface coverage from known physical proper t ies  
of the solid adsorbate ,  
which m a y  eventually meet  these objectives. It accounts for some of the 
main features of chemisorption: heats of adsorption which fall as adsorption 
proceeds ,  the fact that fo r  some sys tems  saturation occurs  when only a 

Grimley 's  paper contains an outline of an approach 
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fraction of the surface i s  covered by adsorbate;  it also predicts  that an 
activation energy should be required to separate atoms formed in dissociative 
chemisorption. 
so that no experimental check can be made.  

However, no quantitative est imates of heats a r e  available 
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Correlation of Emission P roces ses  
Fo r  Adsorbed Alkali Films on Metal  Surfaces 

By N.D. Rasor  and C .  Warner 

Review - Rasor  and Warner used an analytic model similar to that of 
Langmuir' insofar as the ion co re s  of the adsorbed par t ic les ,  to a first 
approximation 
ducting plane and occupying s i tes  in an a r r a y  determined by the substrate 
surface s t ructure .  
a meta l  the valence level of the atom (if  1-0) will broaden into a band of 
s ta tes  common to both metal and atom. 
depends on the distance of the adsorbate atom ion core  from the surface.  
If this is  small enough so that Au-=ekT 
is sharp  and ions and neutra ls  exist  a s  separate s ta tes  on the surface.  
relative probability of atomic and ionic states is given by: 

can be considered as class ical  spheres  rest ing on a con- 

Gurney 2 pointed out that as  an adsorbate atom approaches 

The extent of this broadening, A u , 
the valence energy band of the atom 

The 

whe rem is the mean energy difference between these states on the surface 
and q = 2j for j highly localized energy levels in the valence band; 
number of highly localized energy levels in the valence band. 
change due to adsorption w a s  expressed as: 

j is  the 
The work function 

where 6 is the surface site density and M the dipole moment associated 
with a surface ion o r  atom. 
at zero coverage by: 

Owing to depolarization M i s  related to the moment 

M.  = Mio - aiF , Ma = M - a F 
1 ao a 

Consideration of a simple thermodynamic cycle yielded: 

A E + E  + I - E  - @ = O  
a P 

(3)  

(4) 

A E  + E  + I - E  - Q I  7 0  ( 5) 
0 ao PO 0 

where AE is the difference in  bonding energy between the adsorbed ion and 
adsorbed atom , Ea is the atom adsorption energy,  I ,  i t s  ionization potential, 
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Ep contains the s ame  quantities at ze ro  surface coverage.  
tration coefficient, f s is  defined as: 

the ion desorption energy and 8 the substrate work function. Equation (5) 
The ion a r r a y  pene- 

E - E  

A@ 
P PO f =  

Rasor  and Warner expressed the depolarization field F a s :  

Apl F = (1 - f)- 
e r  

i 
(7) 

where ri i s  the ionic radius .  
8 = gi t ea and noting that AE = AEo - (1 - f )  A@ t AEa where AEa = Ea - Ea,, 
the final implicit  expression obtained for A@ was 

By combining the above equations, using 

4 r e 2 6  - [ai (1  - f ) / 2  e2r i  1 A@] 0 
A@ = 

1 t q exp ( -AE/dT)  

f m a y  be calculated from geometric considerations and &Eo depends on Ea, 
and Epo both of which are est imated below. 
assumptions to be made about Ma and AE,. 
with theoretically predicted values indicates that AEa and (Ma/Mi) (ea/ei) 
m a y  be neglected. Mio w a s  assumed to be given by Mio = 2 e r i .  Ea, w a s  
estimated from a semiempir ical  formula: 

Calculation of ,450 requires  some 
Comparison of the experimental 

E = b ( h h )  1 / 2  
ao a o  ( 9 )  

w h e r e  0 . 5 e b - c  1 , ha is the heat  of vaporization of the bulk adsorbate and ho 
that of the substrate.  
made and the semiempir ical  relation: 

An attempt to express  Ea, in t e r m s  of @, was also 

0 
E tu 0.34 t 0.3 8 

ao  

w a s  obtained. 
appropriate than 0.30 0,. 
proportional to substrate work function g o ,  Equation (9) m a y  be used to predict 

Eao. 
the ion c o r e ,  and a f r ee  electron gave the following relation between 8, and 

Ea0 : 

For  the noble m e t a l s ,  the t e r m  0 .7  $4, was found to be m o r e  
By noting that experimentally, ho is approximately 

A calculation based on the c lass ica l  image forces on the valence electron,  



Critique. - The authors of this  review are surpr i sed  a t  Rasor  and Warner ' s  
conclusion f rom Gurney's work that ions and neutrals  m a y  exist  as  distinct 
s ta tes  on the adsorbent surface especially for the ca se  of cesium adsorbed 
on tungsten. On the one hand, Rasor  and Warner conclude that tunneling 
should be extremely rapid between adsorbate and adsorbent (At<< 
where At is the lifetime of an atomic state)  and that "the forces  of in ter-  
action between the part icle and the surface and with other par t ic les  should 
be equivalent to that f rom a single species of charge having a t ime average 
charge intermediate between 0 and +e" ; on the other hand, in apparent con- 
tradiction to t h i s ,  they derive an expression for the work function change 
(Equation 8) which is based on the assumption of the existence of separate 
ions and neutra ls  on the surface.  

sec  

Equation (1) which expresses  6 i  in t e r m s  of ea ,  AE and T is crucia l  to 
the devebpment of Equation (8) because the latter equation by comparison 
with experiment indicates that only ions make a significant contribution to 
A@. The applicability of Equation (1) r e s t s  on the validity of the inequality 
A U G e  0 2 eV where 0 2 eV is the value of kT a t  thermionic temperatures  
If the inequality holds, then the valence level  of the adsorbate level of the 
adatom m a y  be considered sharp.  A Uwas estimated from the uncertainty 
relation A U - h /  (2~rAt).  
A <C 0 - 2  eV. However, for a potential b a r r i e r  1 volt high and 1 2 wide, 
Rasor  and W a r n e r  conclude that A t K 4 0 ' 1 3  s e c ,  which leads to AU>>O.Ol eV. 
Moreover ,  Gomer and Schmidt conclude that for potassium adsorbed on 
tungsten, !'the adsorbate level  of the adsorbate atom l ies  below the 4s level 
of the isolated K atom for all surface-atom distances -= 3 5 a , so that the 
inequality A t ~ d O - ~ ~ c e r t a i n l y  holds for  this  sys tem.  
A u S O . 2  eV; indeed Gomer l  es t imates  a value of several  eV for potassium 
on tungsten. 
atomic radius of cesium is only slightly l a rge r  than that of potassium (2.60 8 
compared to 2.20 8). Consequently, Equation ( 1 )  m a y  not be used to est imate 6i.  

If At-  10-13sec,  then AU-0.01 eV and of course  

This implies that 

Similar considerations should hold for  cesium because the 

1 Gomer and Schmidt, J.  Chem. Phys.  42,  3573, (1965) - 
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Adsorption Physics of Metallic Surfaces Par t ia l ly  Covered 
By Metallic Par t i c les  I Atom and Ion Desorption Energies 

By J .D .  Levine and E .P .  Gyftopoulos 

Review -In their  paper I of 1964, Gyftopoulos and Levine continued their  
phenomenological approach which makes  use of certain concepts developed 
in molecular physics. 
dissociation of diatomic molecules on the one hand and the energy of desorp- 
tion o r  sublimation of adsorbed atoms from solids on the other .  

Thus ,  they draw the analogy between the energy of 

It is assumed that metal-adsorbate bonds m a y  be part ly ionic and part ly 
covalent so that desorption energy Ea can be represented by: 

E = H.. t H  cc a 11 

where H i i  is the ionic contribution to the bond and Hcc is the cov+lent contr i-  
bution. Ea w a s  calculated subject to the following conditions: 

1. Hii vanishes for a purely covalent bond. 

2. Hcc vanishes for  a purely ionic bond. 

3 .  Hcc reduces to heat of sublimation of mate r i a l  f rom i t s  own 
lattice when we consider heat of desorption of mate r i a l  from 
surface of the same bulk mate r ia l .  

Hii is  assumed to a r i s e  from a fraction of charge F of the adsorbate 
which is t r ans fe r red  to the substrate.  
ac ter  of the bond and is associated with surface dipole moment - 
of a Born Haber type of thermodynamic cycle calculation the following 
expression for H w a s  derived 

F determines the par t ia l  ionic char -  
By means  

ii 

H.. = FQI [1 t g] 
11 

where 

and where R is the internuclear  distance between substrate and adsorbate.  
I is the ionizing potential of the adsorbate. 0 has  been calculated in a 
previous paper of Gyftopoulos and Levine and is the work function of the 
composite surface.  
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Hcc was assumed to be a function of E l f ,  the heat of sublimation of the 
adsorbate,  Sf the angular strength of the adsorbate valence orbital ,  qf the 
valence charge of the adsorbate and a function of corresponding quanti t ies  
of the meta l .  

the adsorbate i s  adsorbed on its own bulk mate r ia l  while the S2f concept 
has  been used successfully by Pauling 
participates in the bond. 
etc.  qf w a s  included so that Hcc vanished when a purely ionic bond i s  formed, 
in which c a s e ,  qf = 0. 
following assumptions: 

The adsorbate contribution to Hcc as assumed to be propor-  
tionaP to 8'f S 2 f qf. Inclusion of Elf ensures  that Hcc is equal to Elf when 

Sf depends on what valence orbital  
Thus,  Sf =$-for 6 -orbi ta ls ,  $ - f o r  p orbitals  

The simplest  expression for Hcc consistent with the 

and 

is the geometric mean 

H =  
cc  

note: 

where vis  

1 2  
€3 cc  oc E f S f  9f 

H cc e E l m s m  4f 
2 

-H = E' f o r m  = f c c  f 

H = O f o r q  f = O  cc  

Elf Elm 

4 s2f s2 m 

(S2f + s",i 

gm= yt F 

2 
[qf + qm)  

2 ] 1 1 2  (4) 

(5) 

he l a rges -  number of valence electrons tha- can par  icipa-2 in 
the covalent bond e.g.,  y =  1 for alkali  me ta l s  2 for alkaline ear ths  a The 
above expressions for H and H.. together yield for E : 

cc 11 a 

where: 

E a = F8 (1 t s) t (E'f Elm) ' I 2 S  fm Q fm (6) 

F2 112 2 

fm sf S m 
t -  

andQfm = 1 -7 ) s =  
- 
S m sf 
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The ion desorption energy E 
the composite surface work Function Ea by: 

is  related to the atom desorption energy and 

e 
E = E  + I - @  

P a  

where I is the ionization potential. 

Critique. -The phenomenological approach used by these authors to 

Thus,  their  values of Fa 
calculate atom and ion desorption energies yields values of Ea and Qo 
which are in good agreement with experiment. 
follow closely the experimental values determined by Langmuir and Taylor: 
moreover  
range of E,, values between 2.5 eV and 8.0 eV. 

1 

good agreement between theory and experiment w a s  found for a 

The theoretical expression for the electron work function Qle which was 
obtained by Gyftopoulos and Levine has  been cri t icized in an ea r l i e r  par t  of 
this repor t ,  
constrained by the imposed boundary conditions ( i . e . ,  Qle = Orf when 9 = 1 
and Qle = om when 8 = 0 etc . )  an e r r o r  in  Qle  does not seriously affect the final 
calculated value of Ea. In the case  of Eao, @e devolves to 8, the work function 
of the clean substra te  so that no e r r o r  i s  introduced in the calculation of Eao 
by an incorrect  formulation of $4,. 

However, since the functional dependence of 0, on 8 was severely 

In the absence of any detailed quantum mechanical models of adsorption 
which yield predicted values of Q l a 9  the model of Gyftopoulos and Levine fulf i l ls  
an important need. 
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ION DESORPTION ENERGIES 

Penetration of an  Ion Through a 
Monolayer of Similar Ions Adsorbed on a Metal 

By J . W Gadzuk and E .N Carabateas 

Review. - In their  paper of 1965, Gadzuk and Carabateas derived ion 
penetration coefficients for the limiting cases  of mobile and immobile ad-  - 

sorption of ions on a me ta l  substrate and also for  the case  of a part ial ly 
mobile adsorbate film. f is  defined as follows: 

AE f =  D 
A0 

where A0 i s  the change in electron work function at any coverage 8 ,  and AEp 
is the change in ionic work function--this i s  not equal to the electron work 
function because the ion does not enter the me ta l  when adsorbed. 
adsorption leads  to penetration by the ion of only pa r t  of the potential of the 
dipole layer  e 

Consequently, 

The potential on 
the field of the other 

an ion at  any distance from the surface as a result  of 
ions and their  images is 

where P i j  is  the probability that an adsorbate exists at a lat t ice s i te ,  i j ,  in 
a square  a r r a y .  A is the distance between the center  of charge of a n  ad-  

sorbed ion and the image plane. 

2 2 
r . . t  = ( r  - X) t rij 
1J 

2 2 
r - = (r  t X )  + rij i j  

For  the 'mmobile case  Pij (e) vanishes except for the mos t  probable s i t e s ,  
apa r t  at which it is 1 In this ca se ,  2d/ei  112, 

2 312 
2,25eX 8 i  

V ( r )  = Vim = 
d3 
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F o r  mobile films: Pij(9) = 9i and V( r )  = Vm is given by 

2 
2.25eh 9i 

d3 
v =  

m 

Because f = V - V ( r  = h )  ] / Voo we have for f:  r ,  
and 

(5) 

An expression for the intermediate case  of part ial ly mobile films can also 
be derived by noting that thermal  energy w i l l  displace some of the ions f rom 
a well ordered  a r r a y  of the immobile film. This displacement resul ts  in an  
increase  in potential AV in Equation (4) given by: 

fim is then modified to give for the case  of part ial ly mobile films 

AV f = f .  - -  
im V, 

( 9 )  

Equation (8) can only be integrated numerically. 

I 

a r r a y  of Gadzuk and Carabateas is equivalent to what is usually considered 
to  be a mobile a r r a y ;  
definition of localized films 

Critique -Barlow and Macdonald have pointed out that the immobile 

whereas their  mobile a r r a y  is equivalent to the usual 

The values of f given in this paper neglect: 

(1) The potential due to the image of the dipole induced in  the ion 
which is being adsorbed a t  an  empty s i t e ,  

(2)  All effects due to polarization of the adsorbed ions ,  

(3) Possible redistribution effects of the existing lattice which m a y  
deform to accommodate the incoming ion. 



Barlow and MacDonald have demonstrated in their recent  paper that 
these effects a r e  significant and deduce as a limiting case the formula of 
Gadzuk and Carabateas for an  immobile and mobile a r r a y .  

Ref ,  1 Barlow and MacDonald, J. Appl. Phys . - 37, 3471 (1966) 
Paper  5 this s e r i e s .  
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Penetration Parameter  for an Adsorbed Layer of Polarizable Ions 

By J.  Ross  MacDonald and C . A .  Barlow, Jr 

Review e - This paper contains calculations and discussion of the distinctions 
to be made between several  different definitions of f which were shown not to 
be equivalent when the ion polarizability a w a s  not ze ro  and when redistr ibu-  
tion effects and interaction with self images could not be neglected. f the ion 
a r r a y  penetration parameter  is  defined as  follows: 

f=I 
e Z AW 

where Awe is the change in electron work function on adsorption and AWi is 
the energy required to remove an adion f rom its equilibrium position in the 
a r r a y  to infinity minus that required when the surface coverage of adions 
approaches zero .  
assumed to be hexagonal and mobile. The simplest  definition of f (let this 
be f,l) ignores possible redistribution effects in the adlayer when ions a r e  
removed or  added and also does not consider the influence of the removed 
adions own image. Then: 

Covalent contribution to AWi are ignored and the  a r r a y  is 

'a 

v/, 
f = 1 - -  
1 

where 
tential a r i s ing  f rom the adion-image a r r a y  at  an infinite distance from the 
adsorbing plane e 

a is the potential at the si te of the miss ing adion andy.', i s  the po- 

A m o r e  accurate  definition of f includes the effect of the image of the 
induced dipole: 

where 



is  the potential at the miss ing adion si te ar is ing from the image of the 
induced dipole of an ion. @d = @do when 8 = 0. Hence: 

f 2  = f l  t T 

where 

Both f l  and f Z  ne lect  possible rearrangement effects and these a r e  5 calculated a s  follows: 

U = z  2 N Y i  (7) 

U is  the total system energy for an adsorbed a r r a y  of polarizable ions 
is the potential at the si te of an ion which includes induced polarization 

effects. On removing an ion,  N changes to N' a n d y i  to vi'. 
1 

v* 1 =\y,tSuti 

N '  = N t  B;\N s N  = - 1  

After removing an ion to infinity the new total system energy is 

f rom which : 

3: Using Equation (1) w e  have for f 

( 9 )  

PK, 

The next section of the paper is concerned with the evaluation of f l ,  f 2  
0 

and f3. f l  
for these quantities and is defined 'as: 

which is the value of f l  when a = 0, appears  in  the final expressions 
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0 0 wherey, = 4rNZep and yap the value of ya for a = 0 ,  is calculatedl 
f rom Graham's "cut -off" model in which the discre te  adion-image charges 
a r e  smeared  out into uniform sheets of charge (having the same charge 
density as  the discre te  l ayers )  with colinear c i rcular  vacancies of radius 
ro = 4-m /$?e. f i O  is then given by: 

1 

f1° = 1 tb%)- [(+I t 1 ] 1 / 2  

f l  is  obtained f rom Equation (2) .V-has been calculated in an earlier paper 
in this series '  and \ya is calculated by resolving W, into wao and yap 
which is due to the induced dipole a r r ay .  vao was introduced in the ca cu- 
lation above of f10 while \Yap is calculated by a similar procedure to that 
employed for the calculation ofy and is given by: 

00 

The expression for g(R ) is given in Equations (3) and (4) of reference 2 .  
W e  then have for  f 1 

1: 

The m o r e  accurate ion a r r a y  penetration parameter  f2  m a y  be calculated 
by using Equation (5) and noting that @d = -Zeg(R1)/4P. 
f2  = f l  t T where T is given by: 

F r o m  Equation (5) 

3 
where J = a / p  and S = 2 (P/Ze) (@Eni). 

Equation (9) indicates that f m a y  be calculated from f2  and T ,  provided 
that NdAU/i/dN can be calculatei .  A\Vi m a y  be written as: 
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while f rom reference 1 ,  m a y  be expressed as: I z  

then f rom Equations (15), (16) and (17) we m a y  

dg(Rl)/dR1 which a r e  calculable f rom the expressions 
Incorporation of the resul t  in Equation (9) yields a n  

4 
which involves g(R 1 9 7  ) 9 fio9y2 and the derivatives 

Plots  of f l  
paper for various values of the paramete rs  S and J .  
in increased values of f for all three  definitions of f 
an increase  in J resu l t s  i n  a decline in f .  
behaviour occurs  for  f2 ;  at low coverages the r eve r se  is t r ue .  
lation for  f3 indicates that even for a = 0 redistribution has a significant 
effect and that for  J a  1 ,  f 3  is  markedly  lower than f 2 .  

f 2  and f3 vs 0 and R1 a r e  presented in  Barlow and MacDonald's 
Increasing S resul ts  
whereas for f l  and f2  , 

The calcu- 
At high surface coverages the same 

Under some conditions f l  , f and f 3  a r e  negative; this implies that i t  2 
requires  m o r e  energy to remove an isolated ion f rom a me ta l  than f rom an 
adsorbed a r r ay .  
( va) may be g rea te r  thany- 
vs Z /R1 show that maxima in these curves  occur for certain J values andthat 
occurrence of the maximum requires  higher values of J a s  coverage decreases  
u/ (Z) is calculated f rom the 'I  cut-off'! model e 

This is a consequence of the surprising fact t ha t  for a # 0 ,  
Plots  of the normalized quantity y /  ( Z )  / (w ) 

C.A. Barlow and J .R ,  MacDonald, J.Chem. Phys .  43,  2575 (1965) 

' C.A. Barlow and J .R.  MacDonald, J .  Chem. Phys .  44, 202 (1966) 

- (Paper  12 of th is  review se r ies )  

(Paper  11 of this  review se r i e s )  - 

Critique - Barlow and MacDonald have carefully distinguished between 
a number of similar definitions of the penetration paramete r  and have estab-  
lished expressions for  them. 

Because of the uncertainties about the value of the various paramete rs  
they a r e  m o r e  suited to interpreting experi-  involved i n  these  expressions 

mental  ion desorption energy data than for making predictions about such 
energies ,  
with theory. 

Eni which appears  in S is only obtainable by comparing experiment 
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The authors point out that the ordered hexagonal a r r a y  concept on which 
their  calculations are based,  probably loses  its regulari ty below 8-0.1 so 
that this  coverage represen ts  a lower coverage limit for the applicability 
of the theory. 
uncertainty in the value of the ion charge Z .  F r o m  the work of Gurney1 it 
seems likely that Z is  a continuous function of coverage,  so that fai lure to 
include the coverage dependence of 2 in the expressions for f will resul t  in 
significant e r r o r .  Barlow and MacDonald estimate an upper limit of 8-0.7 
o r  0.8 for  the applicability of their theory although in view of the preceding 
considerations concerning Z , this  m a y  be optimistic 

A m o r e  serious limitation at higher coverage is posed by the 

In spite of these c r i t i c i sms  however, this work perhaps represents  
the mos t  careful  attempt to calculate the ion a r r a y  penetration coefficient 
for a c lass ica l  model of ions adsorbed in a hexagonal a r r ay .  

l R O W .  Gurney, Phys.  Rev.  47 ,  479 (1935) 
(Paper  7 of this review series) 
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WORK FUNCTION CALCULATIONS 

Vapour P r e s s u r e s ,  Evaporation Condensation and Adsorption 

By I. Langmuir 

Review ., -Langmuir' s contribution to the theory of work function change 
ion and neutral  desorption energy is made in the form of a semi-empir ical  
procedure which r e s t s  upon experimentally determined values of the atom 
evaporation ra te .  The theor ies  underlying Langmuir'  s 1933 paper a r e  as 
follows: 

First he assumed that the mechanism by which equilibrium is estab-  

F r o m  these considerations,  
lished between vapor and bulk phase of liquids o r  solids w a s  identical to 
that for adsorbate and substra te  equilibrium 
five important equations were  derived: 

3 / 2  b / T  8 = constant apT e 2 (4) 

(5) 
Va - = constant Te  - b / T  e 

where 

U is atom evaporation ra te .  a 

v is the ion evaporation ra te .  
P 

I is  the ionization potential of the adsorbate.  

7 is the l ifet ime of an  adsorbed molecule.  

6 i s  the surface coverage of adsorbate in  adparticles per  
unit area. 6 = e when 8 = 1 .  

1 

A is a universal  constant. 

b is approximately a direct  measu re  of adsorption energy. 
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$ is the distance traveled by an  adparticle before evaporating. 

6 i s  the distance between the neares t  a toms in the substrate.  
0 

a is the  condensation coefficient 

8 i s  the relative coverage. 

p , T  p r e s s u r e  and tempera ture .  

Secondly, by employing the Gibb' s adsorption equation , a two-dimensional 
version of the van der  Waals equation and a two-dimensional version of the 
Clausius virial equation, Langmuir w a s  able to derive an expression for the 
spreading p ressure  F of the adsorbed layer  in t e r m s  of the average effective 
dipole moment M on the adpar t ic les ,  thus: 

-5 2 1 /3M4/3 I ' F' = t 3 . 3 4 6  5'2 M2 t 1.53 x 10 6 T 

where I' i s  an  integral which i s  a function of M ,  T ,  C1 , and 8 ;  and F' is 
that pa r t  of the spreading p r e s s u r e  due to the repulsion of the dipoles. F' 
w a s  obtained f rom Taylor ' s  experimental work for cesium atom desorption 
from tungsten so that M was obtainable as a function of surface coverage. 
Once M w a s  obtained, it w a s  possible to calculate the work function change, 
A@,  from the Helmholtz equation: 

A@ = 2n Md" (7) 

By using the Saha Equation (8) ,  in which 8, is the clean tungsten work function, 
for ion evaporation it w a s  also possible to calculate ra tes  of ion desorption 
from tungsten from calculated values of A@. 
desorption is thus Ow - I - A@ l e s s  than the neutral  desorption energy. 
Equation (5) gives ra te  of atom evaporation in t e r m s  of the heat adsorption 
so that i f  b could be calculated it would be possible to calculate: (1) ra tes  
of atom evaporation, (2) ra tes  of ion evaporation, (3) ra tes  of electron emission 
for comparison with experimental data. 
to calculate b which is a function of subst ra te ,  its surface geometry and 
adsorbate coverage. 

The activation energy of ion 

Unfortunately, Langmuir w a s  not able 

Critique - Langmuir w a s  able to predict the variation of work function 
up to 8 = 0.5 with the aid of experimentally determined values of the neutral  
atom desorption ra te  Beyond 8 = 0.5 his theoretical work function values 
were l e s s  than his experimental ones by an  amount which increased with 
coverage. Moreover ,  the theoretical curves did not exhibit the maximum 

r' 
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which the experimental ones show. 

Langmuir 's  model i s  a c lass ical  one and as such suffers from the same 
defect' a s  other c lass ical  t reatments in which the adsorbed part icles a r e  
treated a s  independent c lass ical  elements e 

manifest a t  high coverages where the individual adsorbed part icles coalesce 
into a two-dimensional macrocrys ta l  in which the adsorbate valence electrons 
occupy positions within a new adsorbate valence band. Under these circum- 
stances the c lass ical  t reatment employed by Langmuir and others is inadequate 
to account for work function coverage dependencies. 

The model defects only become 

J .  Ross  MacDonald and C . A .  Barlow, J r .  
(Paper  9 of this review se r i e s )  

J.  Chem. P h y s . ,  3 9 , 4 2 1  (1963) - 
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Theory of Electr ical  Double Layers  in Adsorbed Films 

By R .W Gurney 

Review Gurney discussed the conditions under which ionic covalent 
and polar boGds are formed 
the ionization potential,  I ,  and the extent of broadening of the valence level  
of the adsorbate  atom as it approaches the meta l  surface.  He pointed out that 
if the adsorbate atom possesses  an allowed energy level  near  the F e r m i  level  
of the me ta l ,  this level w i l l  broaden into a band of s ta tes  as  the atom moves 
c loser  to the solid. Because the potential b a r r i e r  between the ion core  of the 
adsorbed part icle is like the b a r r i e r  between the ion co re s  of bulk a toms ,  
t ransparent  to the free electrons  of the m e t a l ,  an equilibrium concentration 
of electrons is immediately established in the vicinity of the adsorbate ion 
core  Whether o r  not this concentration i s  sufficient to neutralize the charge 
o r  the ion core  depends on the relat ive positions of the meta l  F e r m i  level and 
the center of the new band of s ta tes  associated with the adsorbate par t ic le .  
Univalent adsorbates  require  coincidence of the F e r m i  and valence levels for  
neutrali ty because only in this case  is the single charge on the adsorbate ion 
co re  balanced by the single electron present  in the half-filled adsorbate band. 
Divalent adsorbate a toms acquire a single positive charge when I = @ ,  because 
the half-filled adsorbate band i s  c lear ly  insufficient to neutralize the  doubly 
charged ion core  of the adsorbate  When It.  @ the univalent adsorbate atom 
w i l l  acquire a positive charge number between 1 and 2 .  These values of the 
charge w i l l  approach 1 and 2 for the univalent and divalent adsorbates  respec-  
tively only i f  an insignificant portion of the adsorbate  band dips below the F e r m i  
level 
divalent adsorba tes ,  although of cou r se ,  1 is now grea te r  
insignificant portion of the E vs  ( u/ j2 curve can remain above the F e r m i  level .  
If the valence level  of the adsorbate  atom falls below the bottom of the conduction 
band, it w i l l  remain discrete  when the atom is adsorbed,  
however 
level m a y  be high enough to be broadened by the  adjacent metal, 
tion w i l l  r esu l t  in  formation of a dipole layer  with negative end outwards and 
the extent of the charge w i l l  depend once m o r e  on the degree of broadening, 
and the relat ive positions of the new energy level  and the Fermi level.  

i n  terms of the work function of the m e t a l ,  8 

Similar considerations apply in the case  of complete neutralization of 
than @ and only an 

It m a y  be possible,  
for the atom to acquire a supernumerary electron of which the energy 

Such adsorp-  

Critique - Gurney's work function theory w a s  a valuable contribution to 
the understanding of the quantum mechanical  nature of adsorbed par t ic les  ., 
J , A ,  Becker had argued that cesium w a s  adsorbed on tungsten a s  separate  
ions and neutra l  a toms because ions a r e  obtained when cesium is evaporated 
f rom dilute l aye r s  of ces ium on tungsten. 
how the adsorbate-bond could a lso be polar as in the case  of polar molecules ,  
In Qrney's view the charge number of the adsorbed part icle would continuously 
vary between 0 and 1 a s  the work function of the composite cesium-tungsten 
surface changed. 

Gurney's theory,  however explained 

i 113 



Although Gurney has given a satisfactory qualitative description of how 
electropositive elements may  result  in a lowering of work function of me ta l s ,  
no quantitative es t imates  were  made to check with experiment 
no mention is made of the fact that the center  of the broadened adsorbate band 
w i l l  move up o r  down a s  the adsorbate atom moves in close to the meta l  and 
may  not coincide with the original sharp ionization level of the adsorbate 
atom when i t  i s  a t  i t s  equilibrium position. 

Moreover,  
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Work Function Variation of Metals 
Coated by Metallic Films 

By E ,P .  Gyftopoulos and J .D.  Levine 

Review e - Gyftopoulos and Levine have employed a phenomenological 
approach to develop an  expression for the work function change, A@, due to 
adsorption. 
subst ra te ,  om,  and adsorbate ,  o f ,  and in t e r m s  of the adsorbate polariza- 
bility a ,  the number o f s i tes  available for  adatom occupancy per  unit sub- 
s t ra te  a r e a  to form a monolayer 6 f ,  a dielectric constant eo, the distance 
between the centers  of the adsorbate atom and the neares t  substrate atom , R ,  
the angle2pbetween the directions along R for two diagonally opposite pa i r s  
of subst ra te ,  adsorbate a toms arranged in  a square lat t ice,  and the relative 
surface coverage 8. 

A@ was expressed in t e r m s  of the work functions of the metal l ic  

N o  attempt w a s  made to establish the dependence of 4 8  on temperature 
and a dynamic equilibrium situation w a s  assumed for all degrees of coverage. 

It w a s  a lso  assumed that the work function b a r r i e r  A@ could be resolved 
into a dipole b a r r i e r ,  d(8),  due to a surface double layer  and into an electro-  
negativity b a r r i e r ,  e(€)), the functional form of which w a s  fixed by considering 
experimentally known boundary conditions for the work function behaviour in 
the coverage range 0 C 8  C = l  
e(8) that is  consistent with the experimental r esu l t s ,  e(1) = Of and (de(e)/de) = 0 
when 8 = 1 and with the assumptions,  e(0) = Qlm and (de(e) /de)  = 0 when 8 = 0 is: 

Thus the simplest polynomial expression for 

where 

The dipole ba r r i e r  was obtained by extending to surfaces , Pauling' s 
statement relating the dipole moment of a molecule of two dissimilar  atoms 
to their difference in electronegativity (x - x ) i . e  1 2  

M(8),  the dipole moment per adatom w a s  then obtained: 

x(@) = Xf 

0 x - x  M ( 0 )  = M 
m f  

(4) 
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Using the Gordy-Thomas relation,  [Equation (5) between electronegativity and 
work function of a pure meta l  for the composite surface 3 

0, = 2.27x+ 0.34 e V  
e (5) 

and Equation (3) ,  M(8) was related to G(8) via: 

M(8) = M G(8) (6 )  0 

where Mo is the dipole moment of a single adsorbate substrate dipole at zero 
coverage 
and Gyftopoulos and Levine used Topping’s formula to account for this: 

The effective dipole moment Me ( 8 )  i s  diminished by depolarization 

4lTE 
0 

d(8) is then 

- ~ I T M  ( 8 )  <,€I e 
4Tr€ 

- 8 G(8) Cf Mo 

3 / 2  e3’2/41TE 1 
0 E 0 [ 1 t 9 a r f  0 

Mo was expressed as the sum of the four perpendicular components of the 
dipoles , Mfm , formed between an adsorbate atom and each of i t s  four neares t  
substrate neighbors rest ing in a square lattice underneath the adatom. 

M = 4Mfm C O S @ ,  COS @ = (1 - 1 / 2 6  R 2 ) 1/2 
0 m 

Mfm w a s  evaluated in terms of the difference in electronegativities between 
the substrate and adsorbate.  

where the denominator has been included to account for self-depolarization, 
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Using 

and the expressions for  e(8) and d(8) ,  we have finally for  A@: 

where A Q  = Q - Q ( 0 )  
m e 

Equation (12) predicts  either a maximum o r  a plateau in the variation of 
8, with 8 when 8< 1 for some adsorbate-substrate  combinations. 
rapid change of 8, with 8 and a greater  value of AQ a r e  predicted for the m o r e  
densely packed crystallographic planes. 

A more  

Critique -Since the calculation of AQ by Gyftopoulis and Levine requires  
p r io r  knowledge of Qf and Qm, the model developed by them predicts only the 
shape of the AQ vs 8 curve.  
at 8 = 1; neither does i t  offer any clues about the tempera ture  dependence of 
AQ at constant 8 .  

It makes  no prediction about the magnitude of AQ 

1 Good agreement  with Langmuir' s data w a s  obtained i f  h i s  measured  value 
of Sf = 4.8 x 1014 cesium a toms /cm2 w a s  used. However, this value is an 
apparent one and is g rea te r  than the actual density by the surface roughness 
factor which is roughly 1.3 e Calculated values of AB vs 8 for adsorption of 
cesium on the 100 , 110 and a rough plane of tungsten do not exhibit the maxi-  
mum which is now a well established feature of th is  system for the 110 , 21 1 , 
100 and 111 planes.2 The experimental resul ts  of reference 2 do suggest though 
that the maximum is m o r e  pronounced for  the 110 and 21 1 planes than for the 
100 and 111. In spite of the absence of a maximum in Gyftopoulos and Levine's 
calculations for cesium on tungsten, Equation (8) of Section I will yield a 
maximum if  an appropriate choice of physically reasonable values of a , R , etc .  
is made . 

The authors of this review a r e  dubious about the asser t ion  that Q can be 
divided into a dipole and an electronegativity b a r r i e r .  
probably be expressed in t e r m s  of the dipole ba r r i e r  or  perhaps in t e r m s  of 
the electronegativity b a r r i e r  but that it is not equal to the sum of both. 

We feel that A@ can 

I. Langmuir and J .B.  Taylor ,  Phys ,  Rev. 44, 423 (1933). 

R .  Gomer and L.D.  Schmidt,  J .  Chem. Phys.  45, 1605 (1966) 

Paper  6 this s e r i e s .  - 
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Work Function Change on Monolayer Adsorption 

By J .  Ross  MacDonald and C.A. Barlow, J r .  

Review. - MacDonald and Barlow have developed a semiempirical  theory 
of work function change which employs the concepts of effective polarizing 
field c l  and effective orienting field €2 e l  is a field which would produce the 
same polarizing effect as that produced by covalent bonding, nonpolar 
van de r  Waals e t c . ,  while €2 is a fictitious normal  field which would produce 
the actual t ime  average orientation of the permanent dipoles perpendicular 
to the adsorbent surface. €1 is defined by: 

E = e  + E  
1 ni eff 

where 

E = 4a(q t qa) + Ed eff 

en i  i s  the value of € 1  when 8 = q = 0 .  
bent surface and qa is the average adsorbate layer  charge density. 
depolarizing field. 

q is the average charge density of adsor-  
Ed is the 

The polarization, P1, corresponding to €1 is given by: 

P1 = N  ac (3)  2 J 1  

where N 
the thickness d. 
related to E e f f ,  thus: 

= ONs /d is the number of adsorbed par t ic les  per  unit volume in 
c2  i s  also V a is the polarizability of an adsorbed species.  

- 2  
eff E = E  t n  f 2 n2 (4) 

- 2  
The n 
screened out by the electronic contribution to the high-frequency dielectric 
constant 

factor i s  introduced because the effect on a given dipole of E e f f  is 

The polarization resulting f rom € 2  is  given by: 

where [ p ( ~ 2 ) L  is the t ime averaged perpendicular component of permanent 
dipole when e average orienting field is c 2 .  

@E2)) = P L 

where L is the Langevin function. 
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The depolarizing field cd i s  obtained by summing over all discrete dipoles 
and i s  given by: 

where 
9 for both square and hexagonal a r r a y s  of adsorbate species on the surface. 

= 1 for  the mobile case  and 0- 'I2 for the immobile is very close to 

Now from electrostat ic  theory we have: 

 IT (q + q ) = F + 4 r P  (8) a 

where F is the average normal  field in the  layer  given by V1 = F d  and V I  
is the potential difference a c r o s s  the layer .  

If q and qa a r e  unchanged by adsorption, work function change, A V ,  on 
adsorption is: 

AV = - 4 ~ d P  (9) 

and P = P 1  t P2. F r o m  Equation (1) through (9)  we have for AV: 

a (4rq + 41Tqa) t a E n i  t 
-4r0Ns 

AV = e 
eff 

in which 
E = 1 t a A g ( e ~  )3 '2  eff S 

This is  an implicit equation for € 2  because of the dependence of p on c 2 '  
This formation does not hold when the dipoles a r e  formed by adsor,bed ions 
and their images in the conducting adsorbent * 

cation of Gauss 's  law leads to: 

In this c a se ,  
placed by 2Zed1, where Zdl is the distance between ion and 

V1 =  IT (q tqa) d - 4 ~ q  d. - 4xPld (13) a i  

where V1 is the potential difference a c r o s s  a layer  of thickness d from which: 



- 4reN S (Zed
l
)  14 - 1 -(+){ 

eff 

In the above treatment of work function change, dipole imaging has been 
neglected; moreover, the ion-image dipoles a r e  t rea ted as ideal.  

Note: The corrections which Barlow and MacDonald made to this paper in 
J, Chem. Phys .  44,  2 0 2 ,  (1966) ,  have been incorporated into the 
above equations 

- 

Critique -This paper contains an approximate c lass ica l  t reatment of the 
work function change due to adsorption in which it has  been assumed that the 
image dipoles a r e  assumed to be ideal and in which the imaging in  the meta l  
of permanent and induced dipoles have been neglected. Most of the deficien- 
c ies  of this  theory have been pointed out by the authors.  Thus the effect of 
thermal  motion in the plane of the adsorbent has been neglected and the only 
temperature  effect on work function is introduced via the Langevin function 
which contains the permanent dipole t e r m  
applies when the adsorbate is adsorbed into a single adsorption state.  This 
m a y  be sat isfactory for  alkali  and alkali-metal adsorption but is c lear ly  
unsatisfactory for  electronegative adsorption in which adsorption into a 
multiplicity of s ta tes  i s  usually the rule ra ther  than the exception. Although 
the electropositive adsorbates do not exhibit multiple binding modes ,  i t  seems 
likely that they possess  variable charge numbers when adsorbed and that the 
residual  charge on the adsorbate atom is a function of coverage. 
coverages ' ,  the binding is probably very  near ly  ionic for adsorbates suchas  
potassium and cesium while at high coverages it is  probably only slightly 
polar 
the adsorbed part icle polarizability, i s  a lso  coverage dependent 
present  theory does not predict  how Z and a vary with 8 ,  it is  unlikely to 
account for work function changes over a wide coverage interval even for 
electropositive adsorbates 

Additionally, the theory only 

At low 

A consequence of variable , nonintegral charge number Z ,  i s  that a ,  
Since the 

The employment in the theory of E ,land ~~2 ,which a r e  not calculable 
except by reference to experiment,precludes the possibility of predicting 
the value of AV at a part icular  coverage. 

The utility of th is  theory m a y ,  however, exist  in i t s  capacity to interpret  
experiment al ly observed work function chang e s 

1 R.W. Gurney, Phys .  Rev. 47, 479 (1935). Paper  7 this  s e r i e s .  - 
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Theory of Work Function Change 
on Adsorption of Polarizable Ions 

By J .  Ross MacDonald and C.A. Barlow, Jr e 

Review. -In this paper J .R.  MacDonald and C.A. Barlow have corrected 
an ea r l i e r  semiempir ical  formulation of t he  work function change' resulting 
f rom the adsorption of a n  a r r a y  of ions o r  molecules.  
this treatment to r e a l ,  instead of ideal image dipoles and have also considered 
the effect of the images of the dipoles induced in the adions. 

They have extended 

F r o m  Gauss 's  l a w  and Equation ( 3 3 )  of reference 1 is derived the expres -  
sionY-= 4rqaP t 4 r P 1  d t 4r0NS<p (€2)) where P = d l ,  (See r e f .  l),y-is 
the contact potential due to adsorption. 
4-rr0Nsa~ t 4.rr0NS (p(e2)) 
recalculated here  for polarizable ions The depolarizing field Ed w a s  calcu- 
lated by considering an  infinite plane a r r a y  of adsorbed elements with one 
element removed. Ab1 other physical proper t ies  of the layer were assumed 
unchanged by the removal.  
removed element and w a s  calculated by Barlow and MacDonald by resolving 
Ed into five components: E & ;  i = 1 , 2 , 3 , 4 , 5 .  They a re :  

t = 4rqaP, thenV-= v' 0 LetYL€l 
Note: e l  and e 2  were defined in re f .  1. Ed is 

Ed i s  the field acting at the charge centroid of the 

-Ze 
E = -  

4P2 
d l  

due to image charge of removed element,  

due to image dipoles of removed element. 

due to contributions f rom all other surrounding dipoles 

due to surrounding nonideal dipoles formed by the adion charges and their  
images 1 and finally: 
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2 -3/2  

d5 

0 due to the images of all surrounding ideal dipoles 
defined by \t/cx, = 4r0NSZeP and R1 = r1 /P  where r1  is the neares t  neighbor 
spacing of discrete  elements e 

Note that in Ed49U/, is 
0 

An equation f o r v m m a y  be derived from these quantities but owing to the 
dependence of (p> on €2 i s  not explicit 

In this paper Barlow and MacDonald cor rec t  an  ear l ie r  expression1 for 
the work function change due to adsorption of polarizable ions and the resul t  is: 

An explicit resu l t  superior to that in Equation (1) is obtainable f rom the 
Equations preceding (1) i f  the permanent dipole of the adion is assumed to 
be zero.  In this case:  

J .  Ross  MacDonald and C.A. Barlow, J .  Chem. Phys.  39,  412 (1963) 
(Paper  9 this review s e r i e s )  

- 

Critique - This paper represen ts  a n  added degree of sophistication to 
the theory presented ea r l i e r  1 e The adsorbed ions and their  images a r e  no 
longer t reated as ideal dipoles and additionally, the images of induced dipoles 
are explicitly considered e 

The general  critique applied ea r l i e r  to  re f .  1 a lso applies to the theory 
As with the ea r l i e r  theory,  the utility incorporating the above refinements 

of this one l ies  in fitting the experimental  with the theoretical  in o rde r  to 



obtain values of the various parameters  appearing in the expression for 
work function change. 
of Eni. 
considerably smal le r  than the likely values i f  the data was fitted over the 
whole 0 range.  
and a a r e  obtained i f  f i t  is res t r ic ted to the range 0<9<0.6. 

The fit obtained was found to be insensitive to choice 
Unfortunately, the experimentally determined values of a and p were 

However, reasonable combinations of the parameters  Z ,  p 

J .  Ross MacDonald and C.A. Barlow, J r . ,  J .  Chem. Phys.  39, 4.12 (1963) 
(Paper  9 this review se r i e s )  

- 
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POTENTIAL ENERGY CALCULATIONS 

Discreteness  of Charge Adsorption 
Micropotentials I1 - Single Imaging 

By C .A. Barlow , Jr  e and J .Re MacDonald 

Review e - In their  paper concerning single imaging of regular a r r a y s  of 
nonpolarizable ions ,  Barlow and MacDonald consider two problems,  the first 
of which is the calculation (negiecting boundary effects) of the field and poten- 
t ial  outside a complete a r r a y  of ions;  this is useful for calculating work function 
changes The second, micropotential problem,  concerns calculation of field 
and potential along a line perpendicular to the a r r a y  through the center of a 
single vacancy., 
potential resu l t s  - 
dielectric t e rm E while possible thermal  disturbances to the regulari ty of the 
adion a r r a y  a r e  neglected. 

Ion desorption energies m a y  be predicted f rom the mic ro-  
Polarization effects a r e  accounted for by incorporating a 

Barlow and MacDonald have carefully distinguished between a number of 
similar though not identical potentials that have been used in the past  o r  which 
a r e  pertinent for the calculation of work function change and the ion a r r a y  
penetration coefficient f .  Thus w e  have the following local potentials: 

'aic 

Y, = 
I C  

\y a 

iz  or 

y/ i 

Potential ar is ing f rom complete adion- 
image a r r a y  

Potential contribution from excess charge 
q t q on the electrode 1 

Y tu/ e aic 

Potential analogous to yaic but pertaining 
to a lat t ice with a single vacancy 

Potential due the image of a charge at O,O,Z  

A hybrid potential u(t 8 
iz 

The c onve ntional m ic r opo t entia1 
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The co r r ec t  micropotential 

w = Y(1)  - u/(ss) 
Near  -field micropotentials . 
brackets refer to the value of the coordinate Z .  

The enclosed 
2 

12 1 

Y .  ai = w, +- Oiz 

u( ail = Ya t Oil 
where Oil is a special  case  of Qliz,  calcu- 
lated for  the image a t  0 -1.  

The ion vacancy is situated at  the point O , O ,  1 where the Cartesian coordi- 
nates X , Y , Z  are expressed in t e r m s  of p, i . e . ,  X = X/p ,  Y = Y / p ,  Z = Z / p  
where p is  the distance of the charge centroid of the adion a r r a y  from the 
image plane. 
ured perpendicular to i t .  

X and Y a r e  measured  in the adsorbent plane while Z is meas- 

y / , ( Z )  (and henceYaic) is expressed as an infinite s e r i e s  which, because 
of its slowly converging na ture ,  mus t  be t ransformed into a m o r e  rapidly 
converging one in o rde r  to facilitate computation. The resul t  consists  of a 
closed form par t  and a se r i e s  par t  which can frequently be neglected espe-  
cially when r l + O  (Z fixed) o r  2-3 w ( r 1  fixed), Fo r  r l / p +  ~ ( 2  fixed), 
however the s e r i e s  pa r t  is dominant and calculation lengthy. 
yaic/Ves have been calculated as  a function of Z /R1 and a r e  plotted in 
Barlow and MacDonald' s paper for various positions in the lattice together 
with a plot of \t/,/V- vs Z/R1 for one position in the lat t ice.  Also given 
a r e  plots of yaic/ yw vs R1 for various values of Z .  The plots of potential 
vs Z/R1 show that the potential curves  a r e  near ly  l inear between Z = 0 and 
Z = 1 and that the potential r i s e  which takes place as Z/R1 increases  is 
essential ly complete when Z /R1 = 1. 
much of the dependence of curve shape on R1. 

Values of 

The use of Z /R1  instead of Z removes 

If rearrangement possibilities on adsorption o r  desorption a r e  excluded, 
then f is properly calculated f rom u/, a n d v i 2 ,  instead of f romy-  a n d y  
because only 
adsorbing ions own image.  

includes the contribution to the adsorption energy of the 
In this c a s e ,  f is  given by: 

The rearrangement  contribution to the energy of adsorption is derived 
f rom vai~;  thus ,  the total system energy U is given as: 



fo r  unit a r e a  and N part icles adsorbed. 
system energy change, including rearrangement ,  when one adion is desorbed is: 

2 is valence of adions. The total 

AU = U(N t 1) - U(N) 

where A y a ( l ) / ' t * a  (1) =? A N / N  = 
arrangement work is W = AU - Z 
t e r m  is the energy of adsorption 

a n d v a ( l ) / q a i l  1) ST The re- 
1) + ( l/2)Gi1 (1)J where the negative 
absence of rearrangement The las t  

expression simplifies to give 

Barlow and MacDonald conclude that the rear rangement  work W is 
significant and cannot be neglected for coverages in  the range of experimental 
interest  

Critique. - Barlow and MacDonald have made accurate and comprehensive 
calculations of the potential anywhere in front of a hexagonal a r r a y  of non- 
polarizable ions and along a perpendicular line through the center  of a single 
vacancy in this a r r a y  by transforming the slowly converging s e r i e s  which 
appears  in the expressions for these potentials into a m o r e  rapidly converging 
one 

They have also obtained an expression for the rearrangement work which 
takes place on adsorption and show that it cannot be neglected in  considering 
est imates of the ion a r r a y  penetration coefficient. 

Employed in these authors '  theories of work function change1 and ion 
adsorption energies', the above resul ts  enable accurate and rigorous calcu- 
lations to be made based on the c lass ica l  model of adsorption of d iscre te  
elements into positions in a fixed a r r a y .  

i 
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This  model suffers  f rom the limitations outlined by Barlow and Macnonald 
and which a r e  d iscussedin  ea r l i e r  cri t iques in this s e r i e s  of Barlow and 
MacDonald! s class ica l  approach. 

1 J .  Ross MacDonald and C.A. Barlow, J .  Chem. Phys.  44, 202 (1966) 
Paper  11 this  review se r i e s .  
J.  Ross MacDonald and C.A. Barlow, J.  Chem. Phys .  39, 412 (1463) 
Paper  9 this review se r i e s .  
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